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A.

Focused Ion Beam Fabrication
of Graded Channel Field Effect

Transistors in GaAs and Si

Abstract

The aim of our focused ion beam research program at
M.I.T. is to exploit the unique capabilities of this novel
technology in fabricating devices which have a lateral gradient
of doping. (This program of research will be continued so that
this final report will not be exhaustive.) Using internal
institute funds, M.I.7. purchased a focused ion beam system
capable of producing beams of the common dopants of Si and GaAs
(i.e., B, As, Si and Be) at energies up to 300 keV. In order
to carry out the proposed implantations the system needed to be
upgraded in several ways. Pattern writing software was
developed, as well as software for translating patterns written
in MAGIC, a layout system in use at M.I.T., into the FIB
format. To achieve the minimum beam diameter the ion column
had to be realigned mechanically and electrical noise needed to
be reduced in the circuits which deflect the beam. With the
upgraded system we have written patterns in PMMA with 50 nm s
line width, and achieved metal lift-off of 50 mm width lines. __ N qi/
/

Implants have been carried out in GaAs MESFET's where a '
gradient of doping was produced in the channel region under the
gate. The electrical characteristics of the MESFET's were
asymmetrical when source and drain were reversed. The lateral
gradient in GaAs was exploited to produce a novel device, a
tunable Gunn diode. This diode could be tuned to oscillate at
frequencies between 6 and 23 GHz. B and As have been implanted
into Si with a focused ion beam and depth profile of the dopant
ions was measured with SIMs. Evidence of channelling was
observed. Computer models for the distribution of dopants in
Si have been produced. 1In addition, the behavior of the Gunn
diodes and Si MOSFETs has been simulated on the computer.
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B. Introduction

Although the possibility of focusing beams of ions for microfabrication
was recognized and demonstrated in the early 1970'5(1), the invention of the
liquid metal ion source(?) in 1978 made this new technique practical. The
high brightness of this source resulted in a current density in the focal spot
at the sample near 1A/cm2 (3) which was a 10% to 10° fold increase over

conventional ion sources.

The first sources of ions emitted only Ga, and the Ga source still plays
a key technological role. For example, photomask repair by focused ion beams
has become a successful commercial technique. Unwanted chrome is milled off,
and missing chrome is added by ion induced deposition from a local gas ambient
of, for example, chrome carbonyl gas. In addition, this dual
deposition/removal mode of operation can also be exploited for integrated
circuit restructuring or repair, and will be essential for x-ray lithography

mask repair.

However, for implantation into semiconductors other species, such as B
and As for Si substrates, and Si and Be for GaAs substrates, are needed. For
this, alloy sources(a)(s) have been developed and ion columns with mass
separation capability have been built.(s) There are close to 35 such
machines, capable of direct implantation, in research laboratories world wide,

about 80% of them in Japan.

Table 1 summarizes the two types of machines, their typical ranges of

operation, and the typical applications.
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Table 1.

of two types, with typical
specifications and main uses

Focused ion beam systems

without
mass separation

with
mass separation

Accelerating

voltages 5- 70kV 5 - 200 kv

Current

density 1-10A/cm? 0.1 -1A/cm?

Min. beam

diameter 0.04um 0.05 pm

Ion species Ga, In, Au Au/Si/Be

available (elemental sources) Pd/B/As/P
(alloy sources)

Main - micromachining - implantation

uses - ion induced deposition | - lithography

and etching
- high resolution SIMS
- scanning ion
microscopy
- mask repair

- circuit repair
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A guide to the sample area which can be addressed in one minute in a
given focused ion beam application. The plots are for three current
densities and two beam diameters. Most of the sources usable for

implantation achieve current densities near 0.1 A/cm2 on the sample,
while the systems usable for milling have elemental ion sources with

current densities of 4 A/cm2 reported and 10 A/cm® projected.




Since this report is concerned with focused ion beam implantation, we
will discuss that in more detail. TIon implantation is almost universally used
to fabricate semiconductor devices both in Si and GaAs. Patterned doping is
achieved by covering part of the surface with resist or some other film and
implanting the bare area. Thus each implantation requires resist to be spun,
exposed to radiation through a mask, developed, and finally implanted. The
entire wafer is given the same dose. The novel feature for focused ion beams
is that the implantation can be carried out in a fine pattern, below 0.1 um
resolution, without the use of mask and resist. This leads to simplification

of the process, but most importantly, adds new flexibility in two ways:

1. The dose can be varied as a function of position within a given

device, such as a transistor and

2. The dose can be varied from device to device for producing special

circuits(®) or for optimizing the dose level during prototyping.

The disadvantages of focused ion beams is that the implantation is serial,
point-by-point, (this is also the basis of the advantages) and, therefore,
slow. Fig. 1 shows the area which can be implanted in one minute vs. dose for
two beam diameters. Clearly if high resolution is not needed (e.g. if we only
want to vary the dose from device to device), then the beam diameter can be
increased, and the area which can be implanted can be increased. To lowest
order the current density stays constant, as the diameter is increased. Thus
as seen in the figure channel implants with larger beams are feasible over

entire chips and perhaps over entire wafers. In many cases, for example in
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CMOS devices, the area of the channel implants is less than about 5% of the

2 of total channel area

entire chip area. Thus a 4" wafer may have only 3 cm
to implant. In GaAs chips such as MMIC’s the area occupied by active
transistors is often much smaller still, so that implantation with a focused

ion beam is expected to be a labor-saving and yield-increasing step.

This report, however, is concerned with the first of the two modes of
operation, namely, implantation of doping gradients, i.e. novel structures

which cannot be built by conventional means.

A more complete review of the focused ion beam field was written by the

author last year(7) and is included as Appendix I.

C. Results

Our work during the duration of this contract has concentrated in four
areas: machine development, implantation into Si, implantation and novel
devices in faAs, and modeling. 1Ir many cases the tasks were linked, for
example, the machine operation had to be improved to perform a specific
implant, or modeling helped to understand the operation of the devices

fabricated. We will nevertheless discuss each area in turn.

.

.-




1. Machine Development

a) History

At the time this contract was started, we had a purchase order in effect
for a complete focused ion beam implantation/lithography system to be
built by IBT of Beverly, MA. The machine, called "The Microfocus", was
based on an ion column design generated at Hughes Research Laboratories
and was the only machine of that type offered for sale in the U.S.A. At
that time, it had demonstrated rudimentary, and for some of our
experiments already usable operation. A beam diameter of about 0.3 um
could be produced at energies above 100 keV. Imaging, scanning, and
manual pattern generation were available. At this point the company
decided to develop a focused ion beam for mask repair on a high priority
basis, and to devote only a limited number workers to our machine. By
the end of 1986 it became clear that the capital resources to complete
our machine were exhausted so that IBT and M.1.T. negotiated to take the
Microfocus as is, at a reduced price, and to devote the remaining money,
which had been set aside for the purchase of the machine, for its

development.

Thus the Microfocus was moved to M.I.T. in March, 1987 and was up and
successfully operating by June, 1987. Our own development was aimed at
fine tuning the operation of the column, developing software and
procedures for alignment and for beam deflection calibration, and
developing software for pattern generating and pattern translation.

Much of this work was funded by the M.I.T. machine-purchase budget.
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A pair of gold lines plated up in focused ion beam exposed PMMA.
The lines are 0.06 pm wide and 0.2 um high with a 0.06 um clear
space between them. They were fabricated by exposing PMMA 0.3 um
thick (as in Fig. 2) which was spun on a thin gold plating base, .
developing, plating up the gold and then dissolving the PMMA. This !i
is probably the best measure of the quality of the PMMA sidewalls.




Some of the tasks were intimately linked to the implantation work being

performed under this contract.

b) Column Performance:

After the initial move of the system from Beverly to M.I.T. the column
was not disassembled. It was known to have a small mechanical
misalignment in the upper stages so that the beam needed to have
electrostatic steering potentials applied to the octopoles to permit it
to be threaded through the apertures. This slightly degrades
performance. Nevertheless we were able to get near 0.1 um beam
diameters (as demonstrated by exposure of PMMA) and were able to carry

out a number of implantation experiments.

In Dec. 1987 we decided to disassemble the column, fly with the upper
part to Hughes Research Laboratories, and perform the realignment. (Two
identical columns are in operation at Hughes, and they have abundant
experience in column alignment.) The column alignment was successful,
but it took several iterations to reassemble all of the parts at M.I.T.
Finally we have demonstrated beam diameters of 0.05 um and below with
Be** ions as shown by the PMMA exposures in Fig. 2. The resist profiles
are straight or <ligntly undercut, and thus suitable for lift-off or
plating to form x-ray masks, Fig. 3. The features we have been able to
fabricate are the finest ever reported by focused ion beams, and because

of the absence of proximity effect may be superior to features

fabricated by e-beam lithography.

.6 -




Fig. 4
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Results of field abutment testing performed by exposing the pattern
shown in the upper left in a repeated fashion. The stage is moved
after each exposure. 1Its position is read by the laser interfero-
meter to +0.01 mm, and the deflection field is displaced to correct
for the difference between the achieved and the desired stage
location. The abutment error shows up as a discontinuity or shift
in the lines as they cross the field boundary. The maximum abutment
error is seen on the right to be 0.07 mm. 1
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¢) Alignment and Field Stitching

For research purposes manual alignment is quite adequate. The imaging
(scanning ion microscope) mode is used to locate a feature on the wafer
i in the center of the screen. The table position which achieves this is
then recorded, and the same is done for other alignment marks. The
positions of desired implants is then easily calculated. Since the beam
1

L scanning signal, which is used for normal imaging, is not the same as
the beam scanning signal used for beam writing, a small error can be

generated. We have eliminated this error by writing software which

scans the beam with the beam writing raster signal during imaging for
alignment. The maximum "field" that the focused ion beam can address at
full voltage is 128 um x 128 um. To write larger areas the stage has to
be moved, and features which cross the boundaries have to be "stitched."
Field stitching has been verified to be accurate to 0.06 um. Lines of
0.2 um width were written in PMMA so that they crossed the field
boundaries. The parts of the lines which were in adjacent fields were

offset by at most 0.06 um, as shown in Fig. 4.

d) Pattern Translation Software

In many of our applications we wish to focused-ion-beam address features
which have been generated by conventional lithography. For this the
data which generated the lithography mask needs to be available for the
focused ion beam. The pattern layout system used in the Microsystems
Technologies Laboratory at M.I.T. is called MAGIC. We have written a

program which converts the MAGIC format file to the focused ion beam




CAD System
(o)

Oscilloscope on
FIB System

()

Written in PMMA
by
FIB System
(o)

Pattern transfer from the CAD system, written in MAGIC (top), to the
oscilloscope on the focused ion beam system (middle), where it is
verified prior to writing, and finally (bottom) pattern written in

PMMA. The ion dose, pixel spacing, and other features such as dose

gradients are specified by "labels” on the edges of rectangles (not

visible in the pictures).
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format. The ion dose to be given to each feature is specified by

F.

h "labels™ which can be attached to the edges of rectangles which make up
a pattern. Fig. 5 shows an example of a simple pattern in magic as

traced out in the CAD layout room, then as seen on the oscilloscope of

the focused ion beam system, and finally as written in PMMA by the
focused ion beam. Note that in the focused ion beam format each

rectangle has been assigned a different dose, and also a different pixel

spacing (dots in Fig. 5b). This capability enables us to write complex
patterns which are registered to lithographically produced features

without the need to enter each feature by hand.

Overall our focused ion beam column can write 0.05 um features, and
align them to existing features over many fields with 0.1 um placement

accuracy.

2. Focused Ion Beam Implants into Silicon

We have carried out test implants of As and B into Si wafers with (100)
orientation. Since tilting the beam axis relative to the sample normal

is difficult, and since use of off-axis samples is undesirable,

channelling will be an issue. The extent of channelling was measured by ;
analyzing the distribution profile of the dopants by scanning ion mass

spectrometry (SIMS). The results are shown in Fig. 6. ‘

We have operated several alloy sources of Pd/As/B obtained from Hughes
Research. Even though those sources operate stably at Hughes, we have '

had problems of rapid drift and degeneration. On a recent visit to
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Hughes we observed the operation of these sources first hand, obtained
new sources, and new insights. Apparently, these sources need to be
pulsed periodically at very high current (500 pA), in order to restore
stable operation. With this background, we are in a good position to

carry out implants into the channels of Si MOSFET's.

Two types of Si samples are ready for implantation. One has series of
25 transistors in rows featuring various gate lengths from 2 to

9 um. The other is simply the test pattern for the standard CMOS
process in the Microsystems Technology Laboratories. These implants

will be done in the near future.

Implantation into GaAs

MESFET'S

Different doping gradients were implanted in the channel region
between source and drain for 30 MESFET'S. The general trend was
that in the forward direction (source end lower doped than drain
end) the devices showed flattened Ipg vs. Vpg characteristics in the
saturation region. If the contacts are reversed, on the other hand,
the curves show an extra upward hump for high gate voltages. The
forward and reverse characteristics are shown in Fig. 7. Uniformly
doped control devices fell in between these characteristics. As a
general trend some of the graded devices, operated in the forward
direction, had a transconductance 20% higher than the uniformly

doped control devices.
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Fig. 9 Principle of operation of the tunable Gunn diode. Top schematic of
doping profile. Middle: Electric field as a function of position
for a given applied bias. Note that the field is highest where the
doping concentration is lowest. The Gunn domain nucleates at the
point of highest yield and propagates to the left until the field
falls below the domain sustaining value Eg ( 2 kV/cm). Bottom: 1f
the bias voltage is increased the field rises and the domain can
propagate further. Thus the frequency is lower.
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These devices had gate lengths of 1 um and except for the

implantation were fabricated by optical lithography. We expect the
performance improvements to be more significant in submicron gate
devices. Such devices will be fabricated in the future where both
the implantation and the lithography for gate definition will be
carried out by the focused ion beam. Since the same instrument is
used, the alignment of the gate electrode to the region of implanted

gradient is expected to be better than 0.1 um,.

b) Tunable Gunn Diodes

A new device has been conceived which uniquely exploits the ability
to fabricate a gradient of doping. Gunn diodes are used as high
frequency oscillators. 1In the configuration where the current flows
between two contacts parallel to the surface the diode can be made
into a simple voltage controlled oscillator by implanting a gradient
of doping from one contact to the other. In this case the distance
over which a Gunn domain can propagate will depend on the bias.
Thus, the frequency can be tuned by changing the bias. The
operation of this device is shown in Figs. 8 & 9 and is described in
more detail in Appendix II. The device built can be tuned from 6 to

23 GHz by varying the bias, Fig. 9.

We have also built the Gunn oscillators as control devices with
uniform profiles and with profiles which had a single step function. 4

The uniform devices oscillated at about 1.6 GHz and the device with




Abrupt Transition
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Fig. 10 A Gunn diode fabricated with a step function in the doping profile
can oscillate at two frequencies and can shift between them with a

small change in bias.
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the single step in the doping could be switched between two
frequencies, 0.78 GHz and 0.92 GHz with a small change in bias
voltage. The results are shown in Fig. 10. The power output in the
uniform and the stepped profile device is about -10 dBm. A number
of subsequent devices have been fabricated but have not operated
because of a faulty annealing step. A new optical lithography mask
has been generated and a program has been written to implant 100
Gunn diodes on a single wafer. This implantation is aligned to the
optically generated contact pads and is done automatically. The
operation of tunable Gunn diodes has been modelled and will be

described in the next section.

Numerical Simulation

Gunn Diodes

We have conducted numerical simulations of laterally graded Gunn
diodes using a transient energy model derived from Boltzmann's
transport equation in the relaxation time approximation.(s) The
solution is performed in the time domain and allows us to observe
domain nucleation, motion, and discharge. Figures 11 through 13
display some simulation examples. Fig. 11(a) shows the position at
regular time intervals of a Gunn domain in a uniformly doped Gunn
diode. The dipole domain propagates from the cathode (on the left),
where it nucleates, to the anode (on the right), where it

discharges. A current pulse is obtained every time a domain
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discharges (Fig. 11 (b)). The frequency is relatively constant as a

function of bias.

In Fig. 12 (a) the constant doping profile has been replaced with a
ramp. At a bias of 11 volts the domain dissipates just before
reaching the anode. The current waveform is a sawtooth of frequency
8.9 GHz (Fig. 12 (b)). As the bias is decreased to 6.5 Volts, the
point at which the domain dissolves is shifted towards the cathode
(Fig. 13 (a)). The frequency of oscillation increases to 12.5 GHz
because the domain transit length has decreased (Fig. 13 (b)).
Multiple simulations can be compiled to obtain frequency versus bias
curves. Fig. 14 for example, shows the effect of increasing the
slope of the doping ramp: a shift towards higher frequencies is
obtained. The effect of other doping profiles on the tunability
characteristics can be predicted as well. For example, the notched
ramp of Fig. 15 leads to greater tunability than a simple ramp.
Increasing the depth of the notch at fixed bias is found to increase
the frequency of oscillation (a range 40 to 80 GHz has been
predicted for various notch depths). This suggests a three terminal
graded Gunn diode where a Shottky gate placed near the cathode
simulates the effect of a doping notch. A fixed bias would be
applied across cathode and anode and the gate would be used to
modulate the frequency of oscillation over a wide range. We plan to
build the next tunable Gunn diodes according to these simulations,

in both the two terminal and three terminal versions.
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b)

Mobiljity Model in MOSFET's

In order to model the characteristics of MOSFET’s with doping
gradients in the channel region sophisticated 2 dimensional
simulation is needed. This kind of simulation in turn requires that
the mobility be known as a function of the electric field in the
inversion layer, or equivalently as a function of position. This
microscopic mobility model is developed based on experimental
measurements of the effective mobility as a function of the effec-
tive electric field in the inversion layer of MOSFET's. Experi-
mentally, it has been shown that the effective mobility of
inversion-electrons and holes in MOSFET's is uniquely related to the
electric field in the inversion layer perpendicular to the S5i/SiOp
interface and is nearly independent of channel doping. The mobility
model in any simulator should be such that the "collective" or
effective mobility predicted by the microscopic mobility of simu-
lated inversion carriers reproduces the experimental observations.
Unfortunately, experience has shown that this is not the case in the
public domain simulators which have been examined. Therefore, the
new microscopic mobility model is constructed to predict the
mobility of electrons and holes in Si near the Si0, interface.

(Fig. 16) The mobility model was inserted in a modified device
simulation program (called SEDAN) to predict the experimental
characteristics of a long channel transistor, which was also
fabricated. The agreement between the predicted and measured source

drain current vs. gate voltage is seen to be good, Fig. 17.

.13 -




c¢) Simulation of Focused Ion Beam Implanted Profiles

The focused ion beam is known to have a Gaussian beam profile. 1In
addition, the beam, even if it had zero diameter in the simplest
model, is assumed to spread as it enters a solid into a Gaussian
distribution normal to the surface and along the surface. The
distribution normal to the surface is taken to be a Gaussian with a
" standard deviation of A Rp called the range straggle, and parallel
to the surface it is a Gaussian of standard deviation AR, which is
the transverse straggle. The diffusion of dopants during annealing
further broadens these Gaussians. Thus, for example, the distri-
bution of dopants along the surface normal to a focused-icn-beam-
implanted line after annealing is a Gaussian whose standard devia-

tion (half width) is just

Q
]

(R? + aR.2 + 2pt)1/2

where R is the half width of the incident Gaussian beam, D is the
diffusion coefficient, and t the time of diffusion. Any arbitrary
implant distribution is modeled simply as a sum of Gaussians. This

model requires little computation time, is accurate, and is

described in more detail in Appendix III.
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Critical Review

Focused ion beam technology and applications

John Meingailis
Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 19 August 1986; accepted 29 December 1986)

Ions of kiloelectron volt energies incident on a solid surface produce a number of effects: several
atoms are sputtered off, several electrons are emitted, chemical reactions may be induced, atoms
are displaced from their equilibrium positions, and ions implant themselves in the solid, altering
its properties. Some of these effects, such as sputtering and implantation are widely used in
semiconductor device fabrication and in other fields. Thus the capability to focus a beam of ions to
submicrometer dimensions, i.e., dimensions compatible with the most demanding fabrication
procedures, is an important development. The focused ion beam field has been spurred by the
invention of the liquid metal ion source and by the utilization of focusing columns with mass
separation capability. This has led to the use of alloy ion sources making available a large menu of
ion species, in particular the dopants of Si and GaAs. The ability to sputter and to also induce
deposition by causing breakdown of an adsorbed film has produced an immediate application of
focused ion beams to photomask repair. The total number of focused ion beam fabrication systems
in use worldwide is about 35, about 25 of them in Japan. In addition, there are many more simpler
focused ion beam columus for specialized uses. The interest is growing rapidly. The following
range of specifications of these systems has been reported: accelerating potential 3 to 200 kV, ion
current density in focal spot up to 10 A/cm?, beam diameters from 0.05 to 1 pm, deflection
accuracy of the beam over the surface + 0.1 um, and ion species available Ga, Au, Si, Be, B, As,
P, etc. Some of the applications which have been demonstrated or suggested include: mask repair,
lithography (to replace electron beam lithography), direct, patterned, implantation doping of
semiconductors, ion induced deposition for circuit repair or rewiting, scanning ion microscopy,

and scanning ion mass spectroscopy.

1. INTRODUCTION

Lithography is the key patterning step in all current integrat-
ed circuit fabrication. Resist is spun on a wafer, baked, and
exposed in an intricate pattern, usually by ultraviolet light,
although x rays and electron beams are beginning to play a
role. After development and baking the surface is left partly
covered by an inert organic film that “resists” various treat-
ments to which the bare surface is subjected. The treatment
may, for example, be material removal by a wet chemical
etch or by a gaseous plasma; doping by ion implantation
(broad beam); or addition of material by evaporation (lift-
off). This patterned alteration of a surface using lithography
is a multistep process, and treats the whole wafer in the same
way.

Ion beams focused to submicrometer diameters offer a
radical departure from this conventional fabrication routine.
Resist may be eliminated and the dose of ions can be varied
as a function of position on the wafer. This is illustrated in
Fig. 1. The focused ion beam fabrication is a serial process,
and the wafer is exposed point by point. Needless to say this
is slow and some of the applications can be considered only
over very limited sample areas. This will be discussed below
as each application is examined in detail.

The first efforts to focus an ion beam for the purposes of
integrated circuit fabrications date back to 1973.' The
source of ions was a conventional implanter, and the beam
diameter achieved was only 3 um. However, the potential
elegance of the technique was clear then. Polymethylmetha-
crylate (PMMA) (an electron and x-ray resist) was ex-
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posed, and direct maskless implantation into Si was carried
out. Because the source of ions was not bright, the technique
was very slow,

An important simultaneous activity was the development
of the scanning proton microscope.’ Here, a fine field emis-
sion tip was cooled to cryogenic temperatures and used to
ionize hydrogen® or argon.® This type of source had a
brightness of 10° to 10° times higher than the above-men-
tioned implanter, but, except for mention of micromachin-
ing® and creation of damage sites,* most applications appear
to be aimed at proton microscopy.®’ The ion optics devel-
oped permitted resolutions of 0.2 um to be attained.** How-
ever, because only gaseous elements were used, and the cryo-
genic source was cumbersome, the applications to
microf: ti,rica jan did not develop.

The h\’ tal ion source™® provided similarly high
brightness, was easy to operate, and opened the menu to a
larger variety of ion species. This greatly spurred applica-
tions. A beam of gallium ions was focused down to a diame-
ter of 0.1 um at a current density (at the focal spot) of 1.5 A/
cm? (10" ions/cm?®s) (Ref. 10). Lines of 0.1-um width
were milled in 40-nm-thick gold films on silicon.

The development of liquid metal alloy sources, which
emitted ions of the typical semiconductor dopants, com-
bined with the development of a crossed electric and magnet-
ic field mass separator in the ion column'"'? even further
broadened the field of application. Now an ion beam with
the ion species of choice could be focused on the sample. In
particular, both silicon and GaAs could be doped either n
type or p type. In the last five years the focused ion beam
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F16. 1. Conventional resist based fabrication is shown on the left, i.e., resist
is exposed and developed, then material is removed from the unprotected
area or the unprotected area is implanted, or material is deposited on the
exposed area. The focused ion beam can expose resist, but more important-
ly, it can remove material, implant, or deposit in a fine pattern without the
use of resist or mask.

research has experienced rapid growth, particularly in Ja-
pan.

Much has been published in the field of focused ion beam
fabrication, including a number of reviews. But the more
comprehensive reviews are not recent,'>~'* and many of the
others are relatively brief or directed at special audi-
ences.'"%’

The goal of this review is to provide a summary of the
entire field of focused ion beam fabrication with an emphasis
on its applications. First the interaction of ions with matter
will be summarized. Second, machine technology will be dis-
cussed. Finally, each of the classes of application will be ex-
amined.

1. INTERACTION OF IONS WITH MATTER

Due to the widespread use of ion implantation for inte-
grated circuit fabrication and for other applications, there is
a vast literature on the field of ion interaction with sol-
ids.”* Those aspects most relevant to focused ion beam
fabrication will be briefly summarized, and some detail on
heating, which is particular to focused ion beams, will be
presented.

A. lon distribution in a solid

In high performance integrated circuits doping of silicon
is achieved by ion implantation.’'** Typical implantation
energies used are in the 10- to 200-keV range. (This energy
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range is also accessible by focused ion beam machines. )

The incident ion loses energy to the electrons of the solid
as well as to the atoms. Due to Coulomb interaction the
passing ion excites the electrons in the solid to bound states
or to continuum states. This is a smooth and predictable
pracess. The loss to atoms, on the other hand, is in part due
to a finite number of random collisions with a significant
energy loss per event. Thus the ion is deflected from its path,
and the atom in the solid is displaced from its lattice site. The
ions, therefore, penetrate to an average depth R, called the
range. If a Gaussian is fit to the distribution of ions around
the depth Z, this Gaussian has a form exp[ — (Z — R, )*/
2(AR,)?], where AR, is called the range straggle. In addi-
tion, the collisions also produce an uncertainty in the trans-
verse (along the surface) position of the ion in the solid. This
is characterized by transverse straggle AR,. Plots of
R,, AR,, and AR, for the typical dopants of Si exist.>'** For
example, for a 100-keV B* R, = 0.3 um, AR, = 0.07 um,
and AR, = 0.08 um while for 100-keV As*, R, = 0.06 um,
AR, =0.02 um, and AR, = 0.015 um. Clearly, light ions
penetrate deeper and scatter more.

B. Effects of incident ions on the substrate

Above, we discussed how an ion loses energy and imbeds
itself in the substrate. In addition the ion produces other
changes in the substrate. These are illustrated in Fig. 2.

(1) Radiation damage results from the displacement of
atoms from their lattice sites due to collisions with the ions.
The cumulative effect is that after implantation of a dose of
10" As* ions/cm? an amorphous layer is formed. Light ions
such as B* do not form amorphous layers (Ref. 30, p. 112).
The depth distribution of the damage follows approximately
the distribution of the implanted ions.

(2) Sputtering is the removal of atoms from the substrate
due to the incident ions. This occurs (and is widely used) at
low energies 50-1000 eV. The yield, i.e., number of atoms
removed per incident ion, increases with energy up to about
100 keV and then begins to decrease. Typical yields are 1 to
10 atoms/ion. The sputtered atoms leave the surface with a

NEUTRAL
lONS ATOMS

/-8'

/\OATOM DISPLACED

“\ PHONONS
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Fi1G. 2. Schematic of an ion penetrating surface, sputtering off neutral atoms
and ionized substrate atoms, causing electron emission, displacement of
atoms in solid (damage). and emission of phonons (heat). (Chemical
changes are hard to show pictorially.)

NN




471 John Meingailis: Critical Review: Focused ion beam technology and applications 4T
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F1G. 3. Geometry for considering heat flow at point of ion beam incidence.
Ton beam has radius 7. In spherical coordinates p is the radius from the
center of the beam on the surface.

few eV of energy. As will be seen below sputtering with a
focused ion beam has numerous applications.

(3) Electrons are also emitted when an ion strikes the
surface. Again about 1-10 electrons are emitted per ion with
typical energies of a few eV.

(4) Chemical effects produced by ions can be due to ion—
electron interaction, as well as the ion—-atom interaction
which is also responsible for damage. An example of chemi-
cal effect in the bulk of a solid is the exposure of resist for ion
lithography. Here, the ion changes the molecules of a (usual-
ly organic) solid to make it either soluble or insoluble in the
developer. Examples of surface chemical effects are ion as-
sisted etching and ion induced deposition due to the breakup
of molecules of an adsorbed gas.

The above phenomena are common to all types of ion
bombardment of solids. Heating, however, because of the
small dimensions and high current densities is special for the
focused ion beams and will be examined in more detail.

C. Heating due to the focused ion beam

A 150-kV beam at 1 A/cm’ current density implies a heat
input of 150 kW/cm?. However, one is dealing with ~ 107 '°
cm” for typical beam sizes. The heat flow can be modeled in a
simple way, and the temperature rise under the beam can be
estimated. Consider a uniform beam or radius r incident on a
semi-infinite solid, as shown in Fig. 3. A spherical coordi-
nate system is centered at the point of impact with radial
coordinate p. Neglect radiative (or other) heat loss from the
surface. For a beam of voltage V and current density J the
total input power is VJ7r?. The thermal energy current flow-
ing out of a hemisphere of radius p into the semi-infinite solid
is

Q0= —K27p2£, (H
dp

where K is the thermal conductivity and T is the tempera-
ture. If we equate this to the input power and integrate, we
get for the temperature rise above the background at a radius

p
T(p) —T(w) = (VI/2K)(P/p), for p>r. (2)

Consider the radius p = r, i.e., the point where Eq. (2) pre-
dicts the highest temperature, then for V=150 kV, J =1
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A/cm?, r = 0.05 um, and taking the thermal conductivity of
Si0, K=15x10"? W/cm°C, the temperature rise
T(r) — T( ) is 25 °C. This is for most purposes negligible.
However, for larger beams, say r = 0.3 um, and a current
density of 10 A/cm?, which has been reported, the tempera-
ture rise 7(r) — T( w0 ) = 1500 °C, which is not at all negli-
gible. The case considered here of SiO, is a worst case since,
for example, the thermal conductivity of Si is 100X larger,
and so the temperature rise expected would be 100X
smaller.

Above we have considered the thermal conductivity with
amicroscopic model, though at macroscopic dimensions. By
looking even more microscopically at the temperature rise
due to an individual ion one encounters the phenomenon of
thermal spikes. In the immediate vicinity of an ion’s path
into a crystal, the atoms are severely disturbed and may have
a temperature of several thousand degrees.**-** Such thermal
spikes relax in 10~ ' to 10~ '" 5. They are thought to play a
role in sputtering, crystallographic changes, chemical
changes, and surface diffusion. However, whether the con-
cept of temperature is useful and valid in this extreme cir-
cumstance is open to debate.*

HI. FOCUSED ION BEAM MACHINERY

A focused ion beam system can be thought of as composed
of three main parts: the source of ions, the ion optics column,
and the sample displacement table [see Fig. 4(a)]. A de-
tailed understanding of these parts is too intricate for the
scope of this review. Instead the principles of operation will
be described and the current best performance and the po-
tential improvements will be discussed.

A. Source

The generation, deflection, and focusing of ions has close
analogies in optics. Thus, to illuminate a small spot with a
large flux a “bright” source of ions is needed with one or
more “lenses” between the source and the spot. As men-
tioned in the Introduction, the early focused ion beam fabri-
cation work used an implanter with a gaseous ion source.'
Such a source emits ions from a relatively large area (several
mm) and with considerable angular spread. The desired
source would emit ions from a single point, preferably into a
limited solid angle (or be larger but well-collimated, like a
laser). The liquid metal field ionization source®® and the
gaseous field ionization source’’-**-*¢ approach this ideal.
Table I (adapted from Ref. 37) compares the properties of
three types of ion sources. The performance of a source is
measured by its brightness, defined as

B=(I,/A,Q,)(A/cm’sr),

where I, is the current emitted by an area A4, of the source
into a solid angle Q.. The solid angle into which a source
emits ions is changed if a voltage V_ exists between the source
and the point of measurement. This is almost always the
case, and the specific brightness # = B /V, is a more appro-
priate parameter. Nevertheless, the brightness B is most of-
ten quoted. An excellent review of this and other points on
sources and columns is found in Ref. 14.

Liquid metal field ionization sources are used on almost
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BEAM DEFLECTOR

TRANSLATION
STAGE

(a) LASER BEAM ALIGNMENT

(b)

FIG. 4. (a) Schematic of a focused ion beam system including source, col-
umn, and sample stage (from Ref. 71). The series of concentric electrodes
between the source and the mass separator and between the mass separator
and the beam deflector are the electrostatic lenses. (b) Photo of liquid metal
ion source operating in a test fixture (from lon Beam Systems). The liquid
gallium is held by surface tension between the U-shaped heater ribbon and
the shank of the needle, which is 0.27-um diameier. Some light is also seen
to be emitted from the tip of the needle.

all of the focused ion beam systems now in operation and
have been studied in some detail. In these sources a reservoir
of liquid metal is maintained at one end of a sharp (usually
tungsten) needle, see Fig. 4 (b). The metal wets the needle
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TABLE 1. Ion sources for focused beams.

Duoplasmatron  Field ion Liquid metal
Brightness 102 A/cm? st 10° 10°
Sourcesize 50 um 104 300 A
Energy spread 4eV lev 5-10eV
Species Ar* and others H;,He™ Ga, Au, Be, Si, Pd,
B, P, As,Ni, Sb,...,

and flows down to the tip. The tip of the needle faces an
extraction aperture, a round washerlike electrode concentric
with the tip and some distance below it. A voltage is applied
between the tip and the aperture. The electric field is highest
at the tip, and the sharper the tip, the higher the field. Also,
the electric field exerts a stress on a metal surface, which in
this case is liquid and can be displaced. As a result the liquid
metal is pulled into a sharp cone and the ions are emitted
from the tip of this cone. The radius of the tip has been
measured to be less than 100 A.*® One might reason that
there is instability, and the tip radius should decrease with-
out limit; since the higher the field, the sharper the tip, and
the sharper the tip the higher the field. However, the sharper
the tip the higher the emission, and eventually space charge
is thought to limit the current.***® An alternate explanation
invokes the hydrodynamics of liquid metal flow down the
needle. This limits the current and determines the /-¥ char-
acteristics of the source. The fact that the emission current is
strongly dependent on the needle radius and on whether the
needle is smooth or has grooves*' argues for this explanation
over the space charge. For capillary-type sources, experi-
ment and theory based on space charge seem to agree.*
Whether space charge or flow limits the current in needle-
type sources, the configuration appears to be stable over
time, and a number of liquid metal sources can operate for
100 h or more.

The liquid metal can be of any composition as long it wets
the needle, does not corrode it, and has a low vapor pressure
in the molten state. The list of elements that have been incor-
porated into ion sources is quite extensive. Some of the
sources with identifiable practical applications are listed in
Table II. The most commonly used ion is gallium since it is
liquid almost at room temperature and yields a long lifetime
source. As will be discussed below the alloy sources such as
Au/Be/Si or Pd/As/B need to be used in conjuction with a
mass separator in the column. The current available in a
given desired species is generally lower than in an elemental
source such as Ga. For a detailed review of sources and
source operating requirements, see Ref. 42,

The stability of the source current in operation is generally
good (say + 2%) on a scale of minutes. On a longer time
scale some drift is observed. The current is a steep function of
the extraction voltage,>**” and in practice the extraction vol-
tage is adjusted from time to time. An intermediate extrac-
tion electrode can be constructed which is connected to a
servo system to stabilize the current yet leave the overall
extraction voltage unchanged. If the extraction voltage is
changed, in most systems this means that the energy of the
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TABLE II. Partial list of technologically important sources.
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Angular current Current on sample in  Current density Lifetime
Composition density ( uA/sr) system (pA) on sample (A/cm?) (h) References
Ga 26 1000 10 200 10, 43, 44
Au,Si,;Be,
Aug,SicBe, s 20Be* 100 45,46, 47, 48
PdNiy, e 49
Si;Be B, ; 134 Be* *
66 Be”
150B*
200Si**
Pd,As 5AsT Y 30pA As** 150 50
Pd,,As,B,, 1B* 150 50
JAs”
4As*"
NigsB,sSiyo (25%-35% B*) 250 51,53
2000(at 100 A
total source)
Pd.,As,
B,P,, (18atm. % P*) 25 50
Cu.P (10atm. % P*) 20 52
Al 20-30 100 54
Au (1 to 100 uA total 50 55
current)

ions entering the column below is changed, and all of the lens
voltages may need to be adjusted to maintain beam focus.
The servo and extra electrode get around this problem. An-
other method to obtain precise doses of ions is simply to
measure the beam current frequently and adjust the dwell
time accordingly. This method has been automated.*®

There are indications that the point of emission of the
source can fluctuate.>® In favorable circumstances this can
be controlled so that the total fluctuation of the position of
the spot focused on the sample is below 0.1 zm. The point of
emission of the source also appears to move with changes in
extraction voltage.>® For a given source this is measurable
and predictable, and must be kept in mind in the operation of
any source servo system. Sharper source needle tips appear
to lessen the fluctuation effects.”®

The limits of the liquid metal field ionization source per-
formance are largely determined by the electrostatic repul-
sion of the ions. Even though the diameter of the tip of the
cone is about 100 A, the emission appears to be taking place
from a *“virtual source” of 500- to 1000-A diameter.*® The
origin of this increase in effective size is due to the mutual
repulsion of the ions and has been modeled in detail by
Monte Carlo methods.*® An ion leaving the tip is accelerated
by the applied electric field. In addition it experiences an
electric field due to the other ions nearby. However, this
electric field is random because of the statistical fluctuation
in the number and location of the neighboring ions. Thus,
the ions which enter the column will have a small random
velocity in addition to the velocity produced by the applied
extraction potential. The component of this random velocity
normal to the axis of the system results in the increased vir-
tual source size while the component along the axis just adds
to or subtracts from the desired velocity. This latter effect
re.sults in a spread AE full width at half-maximum
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(FWHM) in the energy of the ions, E, which finally arrive at
the sample. As will be discussed below this energy spread
results in chromatic aberration.

The magnitude of the random velocity can be reduced by
reducing the current since in the limit where the ions are
emitted one at a time, far apart, the effect would be absent.
The current dependence of the energy spread AE has been
measured for a number of ions: Ga (Refs. 60-63), Si (Refs.
46 and 60) (from an alloy source), as well as Au, Al, In, and
Bi (Ref. 60). Generally, AE is higher for heavier ions. Thus
at 10 A, total source current (a typical operating range)
AE =10, 15,24 ¢V for Al*, Ga™. Au™, respectively.®

The distribution of energies tends to follow a Gaussian-
type curve (which in some cases is asymmetrical). The
width of the distributions (FWHM) varies from 5 to 25 eV
as the current is varied from 0.5t0 25 uA (Ref. 61). At high
and low currents the widths of the distributions appear to
saturate.*® The current of the source cannot be lowered be-
low 0.5 to 1 uA because the source becomes unstable. The
performance of liquid metal ion sources appears to be limited
by fundamental considerations. We cannot at this time iden-
tify developments which might lead to radical improve-
ments in performance.

The gaseous field ion source is similar to the liquid metal
ion source but operates near liquid-helium temperatures and
condenses either hydrogen®* or helium*® from a gas ambient
(see also earlier work, Refs. 2-7). The emission occurs from
a facet on a single-crystal tungsten needle. The facet is, in
effect, a point of atomic dimensions. Very high brightness
has been observed (Table I). This source is technologically
more difficult to operate and is still in the research stage,
although preliminary results have been obtained.** The pri-
mary interest in getting low atomic weight ions is in exposure
of resist for lithography as will be discussed below.
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FI1G. 5. The calculated beam radius at the sample vs beam current for var-
ious source anguiar current densities. The beam current is proportional to
the product of the beam angle a squared and the angular current density
(from Ref. 69).

B. Column
1. lon column

The column which focuses ions from the source onto the
sample is very much analogous to a series of optical lenses
which may focus a source of light in one plane onto another
plan = Thus one speaks of ion optics or of ion lenses. (For a
more detailed review of this area, see Ref. 14.)

In electron microscopes and electron beam (e-beam) lith-
ography machines the lenses often use magnetic fields to
bend the paths of electrons. For ions this is not usually prac-
tical. The higher fields needed would be difficult to generate,
since the ions are more massive and travel more slowly. Ion
lenses are for the most part electrostatic and consist of two
(or more) very precisely machined washer-shaped elec-
trodes at some high potentials. A schematic of a column is
shown in Fig. 4. The beam passes through the center of these
concentric electrodes and is deflected and accelerated by the
electric fields. Since the structure and fields are cylindrically
symmetric about the axis of the beam, and since the deflec-
tion of the beam by the electric field is proportional to the
distance from the axis, the lenslike operation results.

One of the properties which limits the operation of a sim-
ple optical lens is chromatic aberration, i.e., the lens has a
different focal length for different wavelengths of light. Simi-
larly, an electrostatic lens has a focal length which depends
on the energy of the ions. The most serious practical limita-
tion to the performance of most present focused ion beam
columns is this chromatic aberration. The chromatic aberra-
tion would cause an otherwise zero diameter beam to have a
diameter d, given by

d. = C.a(AE /E), (3)

where C, is the chromatic aberration coefficient, a is the
half-angle of the beam arriving at the final focal spot, AE is
the energy spread, and E the total energy. (This expression
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refers to the sample or exit side of a lens. A similar expression
can be written for the source side.'*) The spread in energy of
the ions appears to be a fundamental property of the field
emission source. The origin of this spread is the statistical
nature of the ion emission and the mutual electrostatic repul-
sion, as discussed above.

Spherical aberration is another effect which may increase
the beam diameter. It arises from the nonideal radial de-
pendence of the focusing fields of a lens, i.e., the focal length
of the lens depends on how far an ion trajectory is off axis.
The contribution to beam diameter from spherical aberra-
tion is given by

d, = (1/2)C,a% (4)

where C, is the spherical aberration coefficient. Since the
spherical aberration is cubic in angle, it is usually negligible
for the milliradian angles typically used.

Equations (3) and (4) hold for individual lenses or for
combinations of lenses, provided that the coefficients are
correctly added (see Ref. 64). The values of the aberration
coefficients C, and C. are obtained by a computer calcula-
tion of the fields and ion trajectories in a lens system.®>*’

The other important effect which contributes to the finite
beam diameter is the virtual source diameter d,, as discussed
above. Thus the total diameter of the beam spot at the exit of
the column is given by

d=dIM*+d?+4dH)"? (5

where M is the magnification of the lens system, d. and 4.,
depend on the beam acceptance half-angle a and can be re-
duced at the expense of total current. (This is done in prac-
tice by reducing the beam defining aperture below the
sources. ) The current density remains constant. The virtual
source diameter term is the limiting value of the beam diame-
ter that can be achieved as a is reduced. Generally for a < |
mrad the d,M term dominates.%® Another way to reduce the
chromatic aberration is to increase the beam energy £ since
it appears in the denominator of Eq. (3). Thus in a 200-kV
system the observed beam diameter is 0.08 um.*°

The beam radius as a function of beam current and beam
energy calculated for the 200-kV machine is shown in Figs. 5
and 6. This calculation is machine specific, and the details
are not published. The general trends, however, follow the
behavior discussed in a very simplified form above in Eq.
(5). The beam current is proportional to a® and the source
angular current density (used as parameter in Fig. 5). The
saturation at low beam current is presamably due to virtual
source size as predicted by Eq. (5).

2. Mass separator

Low melting point metals such as Ga, In, or Sn can be
liquified in a source as discussed above. Other desired species
such as Si, Be, B, or As are incorporated into alloys which
can operate in a liquid metal ion source. However, in such
instances several species of ions are all emitted by the source.
Mass separators using crossed electric and magnetic fields
(E X B) (Refs. 11 and 70) as well as sequential opposite
magnetic field deflectors’ have been developed.

The principle of operation of the (E X B) mass filter is

Py
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F1G. 8. Mass spectra of Si-Au source top and Pt-B bottom. The extraction
voltages and total source currents are in the inset of each curve. The piots
are obtained by sweeping either B or E in the (EB) filter and measuring the
current passing through the aperture, Fig. 7 (from Ref. 11).

Fi1G. 6. Beam radius calculated as a function of beam energy (from Ref. 69).

shown in Fig. 7. Strictly speaking it is a velocity filter, but,
since all ions arriving at the filter have been accelerated
through the same potential, ions of different mass or charge
will have different velocities. The condition for passing
through the filter undeflected is

E =B, (6)
where E is the electric field, B the magnetic field, and v the

velocity (mks units). The velocity of an ion of mass m and
charge 7 accelerated by a potential Vis v = (2¢V /m)'/2,
Thus the ions will pass through the filter if

V2qV/m = E /B. ¢))

In practice one can run a spectrum of the ions in a beam by
sweeping either E or B and measuring the current in a Fara-
day cup below the mass separation aperture. A sample spec-
trum is shown in Fig. 8. The resolution of the filter depends
on the geometry, i.e., the length of the filter L, the distance to
the mass separation aperture D, the diameter of the mass
separation aperture, and the diameter of the ion beam at the
MAGNET mass separation aperture (see Fig. 9). For small deflections

POLE we can assume the force due to the magnetic field remains

ION BEAM
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F1G. 7. Schematic of mass separator with a beam of three species of ions F1G. 9. Path of the ions through the EB mass separator shown in Fig. 7 and
(represented as solid and open circles and triangles). the field-free drift region to the mass separation aperture.
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collinear with the force due to the electric field. Then the
deflection is

x=(L*2+LDY(1/2N [E — By2gV/m]. (8)
Differentiating this expression [Eq. (8)] with respect to m
and substituting the condition [ Eq. (7)] above (since we are
interested in the resolution at the point of no deflection) we
get

Ax= — (L?*/2+ LD)(E/2V)(Am/m). 9

Sometypical numbersareL = D = 3cm,E = 80 V /cm, and
V= 10* V. This yields

Ax =270 um(Am/m). (10)

Note that for the above electric field and acceleration voltage
the magnetic field B is 1.22X 10~? web/m’ (122 G) for
Be* * ions, and 4.82 X 10~ web/m? (482 G) for Ga™ ions.
If mass separation capability needs to be maximized, then
higher E and B fields can be used. For example, a 1600 G
magnetic field has been reported.'' For Ga™ ions this corre-
sponds to Ax = 896 um (Am/m). To maximize the mass
resolution capability (Am/m) one would locate a beam
crossover (focal plane) at the position of the mass separation
aperture. A beam diameter at this focal plane of 5 zm has
been reported.'' Thus, if a Ssum-diam aperture were used,
the mass resolution could be Am/m = 0.006. The isotopes of
most elements could, therefore, be separated. In practice this
much resolution is not needed and is, in general, obtained at
the expense of other performance characteristics.

The E X B mass separator may introduce distortions into
the focused ion beam in several ways:

(1) Nonaxis symmetric focusing.”> A beam of circular
cross section entering the E X B filter will emerge elliptical
even though the fields are such that it is undeflected. This
effect arises because along the axis of the E field the potential
varies approximately linearly. If we assume the center of the
filter to be at the potential of the beam, i.e., ions on axis are
neither accelerated nor decelerated when they approach the
filter, then the ions which have been accelerated to a poten-
tial ¥ will be slightly decelerated on one side of the axis and
accelerated on the other side. Thus, those ions will go
through at different velocities and will be bent toward the
axis by the magnetic field.”

(2) Variation in ion energy will translate into a variation
in the amount of deflection by the E X B (velocity) filter. If
the variation in energy of ions from the source is say 15 eV,
then the numbers chosen above a point beam of Ga™* ions
would be elongated at the mass separation aperture by 0.27
pm. The effect on final spot size would be reduced by the
demagnification. ‘

(3) The fringing fields (both E and B) will cause distor-
tions if the beam is off center in the £ X B or if it is of finite
diameter. The E and B fields are perpendicular and have
zero gradient in general only on the axis of the E X B filter.
Thus any ions off axis will be deflected from the expected
paths.

In practice, all of these distortions are minimized by oper-
ating with as low-field values as possible, and by careful
alignment so that the beam is on axis. In addition, the effects
(1) and (3) can be minimized by having the beam crossover
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in the center of the E X B rather than at the mass separation
aperture.*>7® Again, this sacrifices mass resolution to mini-
mize distortion.

While the presence of an E X B mass separation filter does
degrade the beam focus, in practice beam diameters of 0.08
um have been reported with mass separation.®

An alternate mass separator filter has been implemented
at Cambridge Universiiy. It uses four magnets to deflect the
beam into a parallel offset path where a mass separation ap-
erture is located and then back to the beam path.”’ It has the
advantage that there is no line of sight from the source to the
sample. Thus energetic neutrals, droplets, or other particles
emitted by the source cannot reach the sample. In addition,
the shift due to variation of the initial ion energy discussed
above (2) is canceled. At this point not enough is known to
judge whether the E X B or the four-magnet mass separator
produces better results. Both types of systems have yielded
submicrometer diameter beams.

Note that the earth’s magnetic field may in some instances
cause non-negligible effects, for example, in separation of
isotopes. The earth’s magnetic field is about 2.5 X 10™° web/
m’. Thus in 2 Ga ion beam of 10 keV energy traveling 10 cm
in this field the Ga®® and Ga’® isotopes would be separated
by 30 nm.

3. Beam blanking and deflection

A focused ion beam which is to be used for beam writing
over selected areas needs a beam blanker, i.e., a means of
turning the beam off. This is generally done by having a pair
of electrodes on opposite sides of the beam and applying a
voltage — V,/2 and + V,/2 to them so that the beam is
deflected sideways and is not capable of passing through an
aperture located downstream. If the beam writing is to be
done at high speeds so that the beam is switched on at a given
pixel for only 10-1000 ns, then the blanker must turn the
beam on at an even higher rate. The sharpness with which
the beam can be cut off and turned on is determined by the
amount of time the ion needs to spend in the field to achieve
the necessary deflection, by the abruptness of the electric
field (i.e., amount of fringing), by the rise and fall time of the
electrical pulse applied to the plates and by the magnitude of
deflection needed. This is illustrated in Fig. 10. As seenin the
figure, the blanking produces a slight “smearing” or tail on
the end and beginning of a pulse of ions. The blanker should
be optimized so that the number of ions in these tails is negli-
gible compared to the number in the desired pulse.

The angle of deflection needed (typically ~0.5 mrad) to
turn off the beam is the ratio of the transverse velocity v, of
the ions imparted by the deflector to the velocity along the
beam axis v,. How the rise time of the blanking pulse and the
spatial fringing of the electric field contribute to the tails can
be calculated.” Note that even if both the pulse and the field
profile are ideal square waves, a tail will still be present due
to the fact that the ion must spend a finite time in the blanker
before it acquires the needed transverse velocity v, to be cut
off. Some typical numbers are field of 20 V/mm, v,
= 1.66 < 10° m/s (corresponding to Ga* at 10keV) then to
deflect the beam by 0.5 mrad it needs to spend at least 3 ns in
the blanker before the needed deflection is produced. This
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determines the minimum length of the tails in Fig. 10. Pulse
rise times and fringing fields will further lengthen the tails.

The pulse tailing due to the blanking is minimized by hav-
ing the aperture which stops the unwanted beam at a focal
point. The beam there has a minimum diameter, and the
angle of deflection & needed to switch off the beam is mini-
mized.

Another scheme which can, to first order, eliminate spa-
tial pulse tailing, such as would occur when the clusters of
ions in Fig. 10 are incident on the sample, uses two sets of
blanking plates with a beam crossover (intermediate focus)
at the symmetry point between them.%®’* Then if the same
polarity is applied to the two sets of plates (a delay time may
be built in to account for the transit time), the beam focus
appears not to move when the deflected ion paths are pro-
jected straight back through the deflector (see Fig. 11).
Thus the final focal spot on the sample will not move as the
beam is blanked off. It will of course still “fade out’ in time.

To accomplish beam writing of arbitrary patterns the
blanker is used in conjunction with a deflection system. One
strategy is to specify the pattern by trapezoids.”® A combined
vector/raster scan approach can be used. A blanked-off
beam is first deflected to a given trapezoid corner. Then it is
turned on and the trapezoid is “‘filled in"" by a raster scan. If a
very light dose, say 6 10'' ions/cm?, is needed, for exam-
ple, for resist exposure or channel doping, then for a typical
beam current density of 6 X 10" ions/cm® s (1 A/cm?) the
dwell time per pixelis 10~ "s. Thus the first and last pixel of a
trapezoid may have small tails on them where the dose is
10%-25% of the desired level due to the nonabrupt blank-
ing. In most practical situations this is probably not serious,
but nevertheless should not be ignored.

The beamn blanking and beam deflection, in general, do not
occur at the same point in the column. Thus their operation
has to be synchronized to take into account the finite transit
time of the ions between them.

The beam deflector has been abundantly analyzed and
developed in connection with e-beam lithography.”"* The
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F1G. 11. Schematic of dual blanker scheme used to eliminate spatial beam
tailing during blanking.

main issues are writing accuracy and focal spot distortion as
a function of deflection. Electrostatic deflectors are usually
octopoles so that one has more control over the field param-
eters. The distortions are often of either the “pincushion” or
“barrel” type, i.e., if one specifies that a square be written,
say, surrounding the scan field, its sides may either be con-
cave (pincushion) or convex (barrel). In the corners of the
field the beam spot which is circular in the center of the field
may become elliptical.®” Both of these effects grow rapidly as
the field size is increased. Thus a small field is desirable.

4. Beam profile

The ultimate resolution of any patterning done with fo-
cused ion beams will depend on the beam profile. The cur-
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Fi1G. 12. Plot of natural log of the current vs distance from the center of the
beam. The squares are measured data, the center curve is the Gaussian fit
(FWHM = 0.5um) and the lines are fits to the exponential tails (from Ref.
79).
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F1G. 13. (a) A cross etched into the surface of GaAs 1.5-um deep used as an
alignment mark, covered by 1-um-thick MBE layer, viewed in a scanning
ion microscope. (b) The derivative of the secondary electron current mea-
sured by scanning across the areas of the cross (from Ref. 48).

rent density in the ion beam spot focused on a sample is
thought to have a Gaussian profile. However, detailed mea-
surements have shown that about 2-3 orders of magnitude
below the peak the beam profile deviates from a Gaussian
and shows wider skirts (Fig. 12). This has been observed
both for simple nonmass-separated, single-lens columns, -8
and for the mass separated three lens columns.?' %2

The effect has been simulated®® by assuming a nonlaminar
distribution of emitted ions from the source. Thus these
beam skirts would appear to originate in the ion source. How
these skirts might be reduced by different column configura-
tions or by apertures placed in the ion column has not been
studied. Also, since the nonlaminar flow of ions from the
source is presumably due to the transverse random velocity
component of ions produced by their mutual repulsion (dis-
cussed above), the magnitude of the skirts should depend on
total source extraction current in much the same way as the
energy spread depends on extraction current. >’

In practice the skirts in the beam profile must be taken
into account if one wants to expose one area to a high dose
immediately adjacent to another area which is to have a low
dose.

5. The sample stage

We have discussed the main elements which make up an
ion column. This column can focus a beam down toa 0.1-um
spot or less and deflect this spot accurately and rapidly over
a field typically 100-500 um in width and height. If we wish
to address a larger sample (say, 5-in. diameter), a stage is
needed to position the sample precisely under the beam
while maintaining it in the focal plane. (Since the beam angle
is small ~0.5 mrad, the depth of focus can be 50-100 um.)
This capability has been well-developed for e-beam lithog-
raphy.*® The central clement is a lascr interferometer which
measures the position of the stage to an accuracy of 0.01 um.
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The interferometer reflects laser light from two mirrors, one
lined up along the x axis, the other along the y axis. These
mirrors must have a length equal to the length of travel.
Thus the flatness of these mirrors must be better than 0.01
pm over distances of 15 cm. In addition, they must be
aligned 1o the axis of miotion of the stage. The stage is driven
on special bearings by computer controlled electric motors.
These motors can position the stage to within + 2 um of a
desired location. The position achieved cai., of course, be
measured to 100X better accuracy with the laser inteifer-
ometer. The maximum speed of stage is typically 2.5 cm/s.

6. Pattern writing and alignment

The aim of the focused ion beam system is to write a pat-
tern on a substrate with a precision of 0.1 um or better. For
this the stage motion and the beam deflection need to be
integrated. This can be done by computer control, in much
the same way as in e-beam lithography systems.

If one needs to align to existing features, the scanning ion
microscope capability is used. Typically, crosses with well-
defined edges are fabricated as alignment marks**®* (see
Fig. 13). These crosses can be located on the screen visually,
or a precise location can be determined by scanning the beam
over the arms of the cross under computer control and de-
tecting the electrons emitted. The secondary electron emis-
sion for various geometry sidewalls has been studied.?* The
interferometer reads the stage position to an accuracy of
+ 0.01 zm. The error signal between the desired position
and the achieved position (usually less than 2 um) can be
added to the deflection signal automatically.

7. Potential improvements in apparatus

The directions of desired improvement are smaller beam
diameter, larger current density in the beam, longer source
lifetime, and faster operation or higher throughput.

a. Source. As discussed above the limiting value of the
source diameter is determined by the virtual source size.
This is of fundamental origin and at this time except for a
new invention we see no radical improvement. Likewise the
current density in the beam as well as the beam diameter is
limited through the energy spread of the ions emitted by the
source. Again this is of fundamental origin.

The source lifetimes are mostly limited by chemistry: re-
action of the molten alloy with the needle, or with back-
ground gas due to poor vacuum, and change in the composi-
tion of the alloy. There has been steady improvement in this
aspect of source technology, and it is expected to continue.

The gaseous field ion source is continuing to receive atten-
tion as discussed above. This source yields higher brightness
and a potentially smaller beam of helium of hydrogen ions is
possible. However, this source operates at cryogenic tem-
peratures and is cumbersome. Because of the ion species its
primary use would be in resist exposure, i.e., lithography.

b. Column. More improvement is to be expected in col-
umn operation than in sources. Given that the energy spread
of the ions from the source is fundamental one should design
lenses in the column with lower chromatic aberration coeffi-
cients. One approach is to add more elements to the electro-
static lens and to optimize the placement and potentials on
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FIG. 14. Annealing of 16 keV 1 10'* B~ ions/cm’ implanted into Si. Open
circles: conventional implant. Triangles: focused ion beam rapid scan 9 cm/
s. Solid circles: focused ion beam slow scan 4 X 10~ ¢cm/s (from Ref. 93).

these elements to minimize the chromatic aberration coeffi-
cient.**** This has been successful in achieving operation
with a current density of 10 A/cm? in the beam spct at the
sample.*

Another, more radical, approach is to use combined elec-
tric and magnetic quadrapole lenses. Such achromatic doub-
lets have been fabricated and tested with a Van de Graaff
accelerator.?® The tests were performed over a very wide
range of energies, 450 to 800 keV, and the beam diameter
varied from 15 to 25 um. With only magnetic focusing the
diameter varied by 85 um as the energy was varied.?® When
applied to focused ion beams, these achromatic quadrapole
doublet lenses are projected®” to yield beam diameters of 31
nm and current densities of 100 A/cm?. This is a 100-fold
improvement in the presently achieved current density.
Computer programs for designing multiple lenses have been
developed,®® which have succeeded in predicting the experi-
mentally observed properties of the achromatic doublet.®’
These programs can also be used to analyze a proposed ach-
romatic triplet.®® The triplet lens has the advantage that the
magnification in x and y can be made the same whereas in the
doublet they are not. In practice the difference in magnifica-
tion can also be overcome by using a stigmator.

Another proposed focused ion beam system design aims at
achieving ultrafine, 10-nm beams rather than high current
density.®® This system focuses a demagnified image of an
intermediate aperture on the target (Koehler illumination)
rather than forming the image of the source tip on the target.
Sharper, more squared, beam profiles instead of the usual
Gaussian may be a potential advantage.

Compared to e-beam lithography, which has had 15 years
of intensive development, ion beam writing is in its infancy.
At this point we see most potential improvement in current
density and beam diameter. If these improvements material-
ize, then pressure will no doubt build up to improve other
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areas of application, as will be discussed below, we expect
that the drive to advance the technology of the machinery
will increase.

IV. APPLICATIONS

That the capability to focus a beam of ions to submicron
dimensions has many possible applications was clear from
the very beginning. In fact, the earliest work' already report-
ed exposure of resist and maskless implantation into semi-
conductcrs. This potentially widespread impact has spurred
the development of the machinery. The availability of ma-
chines has in turn stimulated new applications. The underly-
ing reason for the many applications is that energetic ions
interact with surfaces of solids in a number of ways as de-
scribed above. The applications demonstrated so far can be
grouped into six categories according to the physical interac-
tion processes utilized. They are the following: implantation,
milling, surface chemistry, lithography or bulk chemistry,
microscopy, and maieriais analysis. We will look at each of
these categories in turn.

A. Implantation
1. General considerations

The main applications of focused ion beam implantation
conceived so far is in the doping of semiconductors. As dis-
cussed above alloy sources (see Table 1I) have been devel-
oped which will emit the main dopants of Si and GaAs, such
as B, As, Be, and Si. In many of these species both singly and
doubly charged ions are emitted. Thus the range of energies
available for implantations is doubled.

The attraction of focused ion beam implantation is that it
is a maskless resistless process, and, in addition, the dose can
be varied from point to point on a wafer. Thus one can make
device side by side each with a different dopant dose, and one
can vary the doping as a function of position within a given
device, e.g., introduce a lateral gradient of carrier density.
Because the current density in a focused ion beam is many
orders of magnitude higher than the current density in a
conventional implanter, one must first establish that implan-
tation of a given dose by a focused ion beam is the same as
conventional implantation. Results reported so far indicate
that this is largely true. Boron implants into Si and Be im-
plants into GaAs at 70-80 keV have yielded the same Hall
mobilities as conventional fabrication.” Similarly Si metal-
oxide-semiconductor field-effect transistors®' (MOSFET’s)
and npn bipolar transistors®? fabricated by conventional im-
plantation and by focused ion beam implantation pro-
grammed to yield the same dose showed the same device
characteristics.

On the other hand, if Si is implanted with B and if the
electrical activation of the implant is studied as a function of
anneal temperature, some differences are observed.®® In
these measurements three types of implants are compared,
conventional, rapid, repeated-scan focused ion beam, and
slow-scan (4 X 10~ ? cm/s single scan) focused ion beam, see
Fig. 14. When annealed above 800 °C all three implants
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Fi1G. 15. Shows a large number of ions entering a solid surface at a single
point. Due to random processes the ions distribute themselves in the solid in
acloud of density N(r,z) (in cylindrical coordinates with origin at the point
of entry). The profiles in both width and depth are modeled as Gaussian.
The solid is assumed to be unaltered by the beam, i.e., the last ion scatters
the same as the first.

showed tiie same electrical activation. However, when an-
nealed at temperatures cf 400 to 800 °C the slow-scan fo-
cused ion beam implant showed a much higher degree of
electrical activation than the other two as if some annealing
had already taken place. Note that the analysis above indi-
cates that heating of the sample under the Gaussian beam
should be negligible. In any case, these results are not incon-
sistent with the other observations®*%? since, when the im-
planted material is annealed for complete electrical activa-
tion, no difference is observed between the three cases.

The implantation of Si and Be into GaAs has similarly
been studied.®* The electrical and optical characteristics of
conventional and focused ion beam implants are compara-
ble. In some cases the focused ion beam implants showed
slightly higher electrical activation efficiency.’® Thus one is
reassured that focused ion beam implants can be substituted
for conventional implants.

The degree of spreading of the implanted ions after they
have hit the target is important in focused ion beam implan-
tation. For conventional implants this has been modeled as
range straggle, i.e., distribution of ions in depth, and as trans-
verse straggle, i.e., distribution of ions parallel to the surface
(see Fig. 15). In addition, the implant has to be annealed to
remove the damage and to place the impurity atoms on lat-
tice sites where they will contribute charge carriers. Some
diffusion will occur to further broaden the distribution. The
straggle and diffusion both can be modeled by Gaussians.
Thus if the beam has an initial radius R incident along the z
axis at the origin of a cylindrical coordinate system then it
will produce a distribution in the solid as a function diffusion
time ¢ given by
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N
(2m)**(AR2 +2D1)""*(R* + AR? + 2D1)

ch<_i (z—R,)*
P 2 (AR} +2Dy)

_1 r ) (11)
2 (R*4+AR? 4 2Dx)

In this case R is the radius of the beam at 0.61 if the peak of
the Gaussian is at 1. Values of the range R, range straggle
AR,, and transverse straggle AR, are available in the litera-
ture.’**> Some sample numbers can be read from Figs. 16
and 17. The diffusion coefficient D is in practice not just
dependent on temperature but also concentration, damage,
and other effects. However, some approximate constant val-
ues are D = 3 10~ "* cm?/s for B in Si at 7= 900 °C (Ref.
31). So for a typical anneal of 30 min 2Dt = 0.1 um which
indicates the degree of spreading expected. In rapid thermal
annealing the temperature is higher, 1200 °C, and the time
shorter, e.g., 10 s. Thus, D = 10~ '? cm?/s and 2Dt = 0.04
pm. This is confirmed in practice as, i.e., rapid thermal an-
neal mirimizes spreading of the dopants.

The expression, Eq. (11), is more than an empirical fit to
the observed profile. The Gaussian is, in fact, a solution to
the diffusion equation as it applies to the thermal displace-
ment of the dopants and to the random walk (straggle) dur-
ing implantation.

This model has not been tested thoroughly by experiment
except in the z direction. Here, the situation is the same as in
conventional large area implantation, and the profiles have
been measured abundantly. The Gaussian model of the
straggle represented by Eq. (11) (with ¢ = 0) and the data of
Figs. 16 and 17 are the lowest order fit to the data. The
distribution of implants is often skewed and depart< from a
Gaussian beyond the central peak of the distribution. Fer
example, boron which is lighter tha. Si preferentially scat-
ters backward while arsenic preferentially scatters forward.
With focused ion beams, implantation of Si and Be into
GaAs has shown that for doses above 10'* jons/cm? the
lateral spread observed by chemical staining is higher than
expected from the beam diameter and the simple range strag-
gle model.**

In any case the distribution of dopants due to straggle or
diffusion is a concern whether the pattern on the surface is
defined by resist or oxide or by focusing of the ion beam. This
concern becomes ever more serious as device dimensions
shrink, and as smaller beam diameters become available.

The effective diameter of the beam has also been measured
by exposing and developing PMMA and by implanting the
channel of a MOSFET with narrow B beam at various dose
levels.”' The implantation is done in a line in the middle of
the channel parallel to the current flow direction. Thus the
effective channel width is decreased as a function of focused
ion beam doping level, and the beam profile can be derived
by measuring the threshold voltage. As in the above mea-
surements the implant profile or the PMMA exposure pro-
file is a combination of the beam profile, the straggle during
penetration, and for the doping case the diffusion during
annealing. As discussed above, these latest results (Fig. 12)

N(rzt) =
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F1G. 16. Plots of (a) range R,; (b) range straggle AR, (c) transverse
straggle AR, for implantation into silicon (Ref. 32).

indicate that the beam deviates from a Gaussian shape and
has higher shoulders at about two orders of magnitude below
the beam center. This is thought to be due largely to the
initial beam profile.
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straggle AK, for implantation into GaAs (Ref. 32).

The novel capability that focused icn beams provide is the
patterning in the plane of the sample during implantation.
As has been shown above, the resolution with which this
patterning can be done is limited by the beam diameter, by
the transverse straggle, and by diffusion during annealing. In
most cases if the beam diameter is of order 0.1 um the other
two effects can be kept at or below the same level.
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F1G. 18. (a) Junction field effect transistor and light emitting diode fabri-
cated in a single process with focused ion beam implantation (from Ref.
94). The layers are 10-um GaAs buffer, 2-um undoped Al,;GagsAs, 1.4-um
n-type GaAs, and undoped AlGaAs. The substrate is 100 semi-insulating
GaAs. The higher resolution emitter (p + ), gate (p + ) and collector
(n + ), were defined by focused ion beam. Be or Si ions were selected by the
computer controlled mass separator. Alignment was made to bench marks
in the upper AlGaAs layer (see Fig. 13). Both ions were implanted at 80
and 160 keV. (b) Schematic of the ultrahigh vacuum system at the Optoe-
lectronics Joint Research Laboratory in Kawasaki which combines an
MBE system with a focused ion beam system (from Ref. 100). Sample
analysis and sample preparation chambers are also included. By shuttling a
wafer back and forth between the MBE and the ion beam, material can be
patterned by implanting either donors or acceptors and then overgrown
with new layers, as shown in Fig. 18(a).

2, Device fabrication
In silicon both MOSFET’s*'**°'%* and bipolar de-
vices"2%%97 as well as resistor structures’® have been fabri-

cated using focused ion beams; mainly boron, but also ar-
senic,”>% has been implanted. While one of the goals of this
work has been to demonstrate that focused ion beam implan-
tation yields equivalent results to conventional implanta-
tion, i.e., no unexpected problems arise, the special lateral-
doping-variation capabilities have also been exploited.

In bipolar devices the doping of the base under the emitter
has been graded using focused ion beams. If the doping is
reduced in the center of this region relative to the edges, the
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base resistance is somewhat lowered.”’” Various doping pro-
files have been produced and compared.®’

In MOSFETs the focused ion beam has been used to im-
plant boron in the middle of an n-doped channel thus mak-
ing it p type.®' The minimum effective channel length is de-
termined by the beam diameter to be 0.1 to 0.2 um. These
devices are reported to have 80% higher gain factor and
20% higher breakdown voltage than a conventional MOS-
FET.®! Very recently, focused ion beams have been used to
adjust the thresholds of transistors in the complementary
metal-oxide semiconductor (CMOS) configuration in both
n and p substrates and n and p wells.”® The dose was varied in
ten steps from 1 X 10'?to 1 X 10" ions/cm? of both Band As.
Smooth variation of threshold voltage as a function of dose
was observed. Total variation was 0.8 to 1.2 V over the dose
range.

In GaAs focused ion beams have been used to fabricate
field-effect transistor’s®® (FET's) and combined light emnit-
ting diodes and junction field effect tranistors (J-FET’s).”
In addition, Ga implantation into n-type, Si-doped GaAs
has been used to render the material insulating, i.e., increase
its resistance by four orders of magnitude.”® The FETs have
shown characteristics similar to conventionally fabricated
devices demonstrating the utility of the focused ion beam
technique. The combined J-FET-LED (light energy diode)
is shown in Fig. 18(a). Here, a molecular-beam epitaxy
(MBE) grown heterostructure substrate was used, and both
Si and Be were implanted with the focused ion beam.** A
Au-Si-Be liquid metal ion source emits both singly and dou-
bly ionized Be and Si. Thus by tuning the E X B mass filter
one could implant either Be or Si, and select ions of either
energy Eor 2F, i.e., either 80 or 160 keV. The ion doses used
are over 5X 10" ions/cm’ and are realized by varying the
dwell time of the ion beam at each position. The focused ion
beam system used in these implants is connected by an ultra-
high vacuum (UHYV) sample transfer tube to a MBE system.
Thus implantation and overgrowth can take place without
contamination by atmospheric exposure.®*'® This system,
which represents an important step toward in situ fabrica-
tion, permits one to build many different devices integrated
monolithically on the same substrate.'™ It is shown in Fig.
18(b).

MBE provides a means of growing III-V (and other)
semiconductors with doping and composition control at the
monolayer level. Since the band gap can thus be tailored
from layer to layer, various quantum effects have been ob-
served. The ability to further “write’ on a layer with a fo-
cused ion beam may provide the opportunity to make quan-
tum “‘dots” or other structures. Unfortunately, this is not
straightforward since the focused ion beam at a few tens of
keV energy will damage the MBE grown layers.

Clearly, a focused beam of low-energy ions, i.e., a few
hundred eV or lower, is desirable for this application. Re-
tarding fields to reduce the arrival energy of electrons'! and
ions'** have been considered. For an ion beam current of 10
nA a retarding field which brings the energy from 50 kV to
500 eV is calculated ' to suffer an increase in spot size from
0.3 t0 0.8 um due to space change. This beam broadening is
found to fall rapidly as the current is lowered. Since many of
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FIG. 19. The time taken to expose ! cm® as a function of dose for two beam
diameters (or pixel sizes).

the focused ion beam systems have beam currents of t! < - ypi-
cal semiconductor dopants in the 10- to 100-pA rauge, the
space charge broadening should be negligible. The direct re-
tarding field configurations considered so far'” require that
the sample be at an awkwardly high potential (e.g., ~50
kV). Lower energy ion beams would be advantageous not
only for implantation into MBE grown layers but in other
applications as well. As discussed above, Figs. 16 and 17, the
straggle of the ions in a solid decreases with decreasing ener-
gy. Thus for implants with submicron resolution, lower en-
ergies are an advantage. For example, boron implanted into
Si at 100 kV has a transverse straggle AR, = 0.08 um but at
10 kV this falls to AR, = 0.016 um.

An indirect application of focused ion beams to MBE
grown materials is the selective disordering of the superlat-
tice layers. A number of ion species can be used: Ga (Refs.
103 and 104), Si (Refs. 105-107), BE (Ref. 108), and oth-
ers.'” Doses of 10" to 10'® ions/cm? followed by anneals in
the range of 750-850 °C cause AlGaAs/GaAs superlattice
to interdiffuse only where the implantation has occurred. In
the case of Si doping followed by Be implant the reverse is
true, i.e., the implant inhibits the interdiffusion. ' This tech-
nique has been applied to make multiple quantum well lasers
with a buried optical waveguide using a Be focused ion
beam'”™ as well as quantum dots with a conventional Ga
implant using 0.1 zm e-beam lithographically defined resist
dots. This last fact indicates that the potential lateral resolu-
tion of this technique is at least 0.1 um.

The focused ion beam even at the current state of develop-
ment has the capability to provide a variety of implant spe-
cies, doses, and energies in a single fabrication step. This
upens the possibility of combining a number of different de-
vices on a single chip where normal fabrication would lead to
an impossible number of different fabrication steps. On the
other hand, focused ion beam fabrication in its present state
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is serial and, therefore, the throughput is limited. Figure 19
plots the time needed to implant a square cm to various
doses. Therefore, focused ion beams are unlikely to replace
conventional ion implanters for routine chip fabrication.
The applications are likely to be in device prototyping and in
special high performance devices. This is particularly true in
GaAs and other HI-V’s where optical, logic, and microwave
devices can be combined on the same substrate.

B. lon miliing
1. General considerations

Broad beam ion milling, where ions (usually Ar*) of a
few hundred eV energy are incident on a surface, is a widely
used method of material removal.'” Usually one to two
atoms of the substrate are removed per incident ion. This is
called the yield. For focused ion beams, where the energy is
about two orders of magnitude higher the situati~ais expect-
ed to be similar. The yield increases slowly as a function of
energy then flattens out and turns downward at about 50
kev.'"?

With focused ion beams the characteristics of the milling
(such as yield) are geometry dependent. When an ion beam
is scanned in a line on a surface, a trench is produced which
initially has the shape of an inverse Gaussian as expected
from the beam profile. However, when the dose is increased,
the trench becomes sharp, narrow, V-shaped, and unexpect-
edly deep''"!'? (see Fig. 20). In addition, the shape of a
milled feature is also dependent on whether it is obtained
with a single scan or repetitive scans even though the total
dose is kept the same.!'?!'? This is illustrated by the results
shown in Fig. 21, where a 10X 10-uzm square was scanned on
Si to the same dose level using 200 repeated scans or a single
scan. The shape in the multiscan is, as expected, a flat bot-
tomed pit, but in the single scan the pit is very asymmetrical
and about three to four times deeper at the end that was last
scanned. Such effects are attributed to a combination of re-
deposition and self-focusing.''"*1?

Clearly, yield should be defined (and measured) in such a
way that these geometric effects are avoided, namely with
repetitive scanning over an area with lateral dimensions
much larger than the depth milled. Thus if the material has a
density p, (atoms/cm®), and an ion dose A (ions/cm?)

1am
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FiG. 20. Cross section of a groove made in Si with a focused ion beam of 30-
kV Ga ions at 0.5 nA, scanned at 5 um/s 120 times (from Ref. 112).
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(c)

(d)

FIG. 21. Ion beam removal of silicon showing the dependence of feature shape on milling schedule (from Ref. 112). (a) Fast repetitive scan with 30kV, 0.5

nA, 10 ms/line, 300 lines, repeated 200 times, total dose: 1.9 10'*/cm?: (b) slow single scan with 30 kV, 0.5 nA, 2 s/line, 300 lines, 1 time, total dose
1.9 10" /cm?; (c) cross section of fast repetitive scanned area with the same conditions as (a); (d) cross section of slow single-scanned area with 30kV, 0.6

nA, 2 s/line, 200 lines, 1 time, total dose 1.5 % 10**/cm?.

mills the material to a depth d (cm), then the yield can be
defined as

Y= (p,d/A) (atoms/ion). (12)

Since for focused ion beams the milling ion is in most cases
buried in the materials and may cause it to swell, the yield
defined this way may not correspond exactly to the atoms
removed per ion. Although various milling results have been
reported, there is a shortage of data on milling yield. Table
III shows data we have been able to glean from various
sources.

2. Mask repair

The most immediate application of focused ion beams has

turned out to be the repair of photomasks. lon milling plays a

central role here, as illustrated in Fig. 22. To repair opaque

defects the unwanted chromium is simply milled

off.!'#415-11% A5 the milling proceeds the bared glass surface

is not smooth. However, if the milling is continued, a smooth

* surface is produced.'"* The milling ions do, of course. also

imbed themselves into the glass. When gold ions are used to

mill off the chromium, the remaining glass appears stained

when viewed in an optical transmission microscape.'* Such

staining has also been reported for Ga ions which produce
about 20% decrease in transmission.'”"

Clear defects can be repaired by milling a light scattering
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structure into the area to be rendered opaque.''® A grating or
a prism, for example, acts to scatter the light, and the area
appears opaque when viewed in transmission, particularly
when the incident light is collimated. This is usually the case
in lithography application.

Focused ion beams are able to repair defects with a resolu-
tion of 0.2 to 0.3 ym (and finer if needed). Thus for optical
masks with submicron features which are used in 1:1 projec-
tion or in contact printing such resolution is required. Laser
mask repair techniques cannot achieve as fine a control (see,
e.g., Fig. 23).

The repair of opaque defects in x-ray lithography masks

Tanr I Sputter yields.

Energy Yield
Substrate  lon (keV) atoms/ion References
Cr Ga” 30-70 2.3 114
Glass Ga® 70 0.68" 114
Cr Au’ S0-70 45 i4
Si Ga* 30 2.6 12
Al Ga® 68 4.2 118
Si0. Gia 68 20" s

*Corresponding to sputtering rate (1!'()‘()64/,m</”(‘v
“Molecules/ion.
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F1G. 22. Focused ion beam repair of photomasks. Top: removal of chrome
by ion milling over programmed area. Middle: milling of light scattering
structure to produce opaque area replacing missing chrome. Bottom: re-
placing missing chrome by ion induced deposition of carbon.

the higher resolution of the focused ion beam and is a clear
advantage.'?>!?

3. Circuit microsurgery

Ton milling can also be used to intervene in fabricated or
partially fabricated integrated circuits, for example, to cut
conductors''>!24-12® 45 shown in Fig. 23. In addition, the
focused ion beam can also be used to sense the voltage level of
a part of an integrated circuit.'?*'?” Thus direct diagnostics
are possible. The focused ion beam has also been used to
remove the passivation layer so that electron beam voltage
contrast measurements can be carried out (Ref. 128).

With current research beams the cutting of a conductor,
particularly if it is covered by a passivation layer can take
several minutes.''® This is because a beam with a current

Fi16. 23. Scanning ion microscope image of ROM comparing laser (upper
left) and focused ion beam (lower left) cutting of conductors. The focused
ion beam cut is | um-wide and much neater and better controlled (from
Ref. 123).
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density of 1 A/cm? and a diameter of 0.1 t0 0.2 um is used
even though the cut may need to be ~ 1-um wide. Since the
etch time varies as the inverse square of the beam diameter, a
diameter equal to the cut width should reduce the time by a
factor of 25 to 100. In addition, beam current densities of 10
A/cm? have been reported.** Thus the cuts which now take
several minutes could be made in a seconds or less. The main
applications of this type of intervention are discretionary
wiring and circuit debugging, where some small alterations
in a circuit can be made without the need to repeat all of the
fabrication steps.

Although the joining of two conductors using ion milling
is not straightforward, a technique has been demonstrated
for connecting two interesting metal films separated by an
insulator such as SiO,. As shown in Fig. 24, a straight sided
hole is first milled through the top conductor and the insula-
tor down to the lower conductor.''>'?” The milling area is
then reduced and the material redeposited on the sidewalls
produces a short circuit between the two conductors. Thus a
window 1.5 1.5 um milled through 0.6 um of Al and 0.65
um of Si0, followed by a concentric hole 1 X 1 um vielded a
connection of 0.4-(} resistance and took 86 s to fabricate.''*
As discussed above this time can be reduced by at least two

ION BEAM

ION BEAM

(b) I

F1G. 24. (a) The joining of conductors using ion redeposition of the lower
layer of metal (from Ref. 115). (b) Top view of milled via with redeposi-
tion. On left. scanning ion micrograph: on right. scanning electron micro-
graph. Resistance of the connection formed between levels is 0.4 {).
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Focused Vacuum
f\“ Sompte / l;:cm —q/ Chamber 1. Etchlng . . .
Chomber | The apparatus used in the focused ion beam assisted etch-
Insulator ing is shown in Fig. 25 (Refs. 135 and 136). The sample is
Flowmeter

Lt _ . L

Vacuum Pump

FIG. 25. Chamber used for ion beam assisted etching (and deposition )
(from Ref. 136). The focused ion beam enters through a small bore hole.
The gas, Cl, for etching, is fed into the chamber. The top of the chamber can
be biased to extract the secondary electron due to the ion beam. Thus imag-
ing of the sample can be done.

orders of magnitude by using a somewhat larger and a more
intense beam. Furthermore, with the same 0.1- t0 0.154m-
diam beam, the window dimensions were reduced to
0.5X0.5 um to yield a connection of 4-( resistance fabri-
cated in 7 s.'?” For most integrated circuit applications a 4-Q
resistance is quite acceptable. This technique, while promis-
ing, requires that the conductors to be connected be inter-
secting. fon induced deposition of conductors, discussed be-
low, may be a more universal technique.

Very recently, microsurgery of optical circuits has also
been reported (Refs. 129 and 130). Semiconductor lasers
have been fabricated where the “‘mirror” ends have been cut
by focused ion beam milling. These lasers show a decrease in
quantum efficiency of only 8% compared to lasers with
cleaved ends. This easy, versatile method of fabrication
opens the door to a number of applications such as coupled
cavity lasers (already reported'®"'*?), integral lenses, and
laser cavity length tuning.

C. lon induced surface chemistry

If a local gas ambient is produced near a surface, then the
impact of energetic ions on that surface can induce chemical
reactions. Thus focused ion beam assisted etching and fo-
cused ion beam induced deposition have been reported. (The
term ion induced deposition is preferred over ion assisted
deposition because the effect does not take place without the
jon beam and because the term “ion assisted deposition” is
being used to describe direct sputter or e-beam deposition
with simultaneous ion bombardment.) The ion induced
chemistry is thought to occur in an adsorbed layer rather
than in the gas above the surface. The phenomenon bears
some resemblance to laser induced chemistry,'** where an
incident laser is used to activate surface reactions. The reso-
lution of this process is ultimately limited by the focal spots
which can be achieved with light. Features of ~0.4 um di-
mension have been reported. In addition, electron beams
may also be used to initiate reactions.'** Here, the resolution
may be as fine or finer than achievable with ion beams. In
fact, a 0.15-um-wide line has been reported.'**
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located in a separate chamber which has a small hole 0.5 to 2
mm in diameter in a 0.2-mm-thick plate. The ion beam is
incident on the sample through this hole and can be deflected
to produce patterns. A gas such as Cl, is introduced into the
chamber up to a pressure of 30 mTorr. The vacuum outside
of the chamber where the focused ion beam is generated is
maintained near 10~° Torr.

With this apparatus both silicon'*® and GaAs'>> have
been etched. The etch rate for GaAs obtained is about ten
times larger than the milling rate that would be obtained in
the absence of the Cl, gas. Grooves 6-um deep and 0.1-um
wide at the bottom have been etched in silicon.'*® The maxi-
mum etch rate observed corresponds to the removal of 10 Si
atoms per incident Ga* ion (35 keV). The etch rate was
dependent on the ion beam scan speed, and for fast, repeated
scans above —~ 1000 um/s dropped to zero. This was tenta-
tively attributed to the fact that Cl, builds up an adsorbed
layer which prevents the ion beam from reaching the Cl,/Si
interface. At slower scan speeds the beam removes the excess
Cl, and initiates chemical reaction at the interface.'*

2. Deposition

If a gas, such as A1(CH,), or WF,, is substituted for the
Cl, in the apparatus of Fig. 25, deposition rather than etch-
ing is observed.'*™-'*° With A1(CH,), and a 35-keV Ga™ ion
beam a line with an approximately Gaussian cross section
and 0.5-um width is deposited (see Fig. 26). This beam pro-
file is believed to reflect the intensity profile of the incident
ion beam. The gas pressure in the cell (as in Fig. 25) was 30
mTorr and the line dose of Ga™ ions was 1.3 X10"/cm.
Thus it is estimated that with a 1-A/cm? beam of 0.5-um
diameter a 100-um-long line such as in Fig. 25 is written in
10s.

The composition of a large area of film deposited using a
50-keV Ar* ions was found by Auger analysis to be com-
posed of aluminum, oxygen, and carbon in the ratios A1:0:C
0f 5.2:3.5:0.2 (Ref. 139). The inclusion of oxygen is thought
to be due to the background gas in the vacuum chamber.
This is not surprising since cermets (mixtures of Al and O)
are typically e-beam evaporated with a background as of 2—

F1G. 26. A film deposited on Si from AI(CH.), gas using 35 kV Ga” ions
(from Ref. 138). The linewidth is 0.5 ¢ (FWHM), and its profile is the
beam profile; (a) shows line in perspective and (b) in an end view. Chamber
used is similar to the one shown in Fig. 25.
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FI1G. 27. A schematic of the focused ion beam chamber with capillary gas
feed tubing (from Ref. 142). Since the vapor pressure of the gold compound
was 0.7 Torr at room temperature a fairly large diameter capillary 1.4-mm
inner diameter was used. For other gases such as WF, 0.15-mm diameter is
appropriate.

5% 10~ Torr of O,."* Tungsten deposition from WF, with
50-keV Ar™ irradiation yielded films of composition ratio
W:O of 2:1. No fluorine was detected.'**

In an experiment, '*! where WF; gas was fed to the surface
with a small capillary tube in place of the enclosure (Fig. 25)
and a 750-V Ar* ion beam at 0.5 mA/cm? was used to bom-
bard the entire surface a deposit was observed at the mouth
of the tube. It was Auger analyzed to have a composition of
W:0:C of 9:0.5:0.5. The surface was first cleaned by ion
bombardment with no WF, flowing. If this was not done, the
carbon content was near 30%.

Recently, gold has been deposited using focused (and im-
planter) ion beams and a capillary feed (Fig. 27) of di-
methyl-gold-hexafluoroacetylacetonate.'*?> Linewidths of
~0.5 um, equal to the ion beam diameter, have been ob-
served (Fig. 28).

The film thickness deposited versus dose has been investi-
gated with Be** and Au™* ™ ions. The dependence is ap-
proximately linear, and with Al(CH,); 130 nm are deposit-
ed witha Au* * dose of 10'” ions/cm?®. With Be* * the rate
was half as large.’*°

The mechanism of breakup of the adsorbed gas film is
thought to include both nuclear collision processes and elec-
tronic collision processes. Heating is ruled out.'*’

Overall the results so far are promising. Focused ion beam
induced carbon deposition from hydrocarbon gases is al-
ready being used to repair defects in photomasks.''*''® De-
tails of these processes are proprietary. With more develop-
ment work ion induced deposition will find other
applications. For example, since conducting metal films can
be deposited with conductivity comparable to poly Si,'*? in-
tegrated circuit microsurgery (discussed above) takes on a
new dimension. Now, one can first dig through the passiva-
tion and then deposit-in a metal plug and run a conducting
film to another part of the circuit. In addition, gate arrays
could be connected over limited areas for prototyping. Be-
cause ion bombardment (or ion assisted etching) can be nat-
urally made to precede deposition, contacts could be made
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where contamination or oxidation is detrimental such as in
HI-V compounds grown by MBE. Ion induced deposition
may well play a central role in future in situ, all vacuum
processing.

D. Focused ion beam lithography or ion induced
chemistry in the bulk

The word lithography as it is used in microfabrication has
come to mean the transfer of a pattern from a mask with
transparent and opaque areas or from a computer memory
to a surface relief in a thin film on a substrate. This thin film
is called a resist and the transfer vehicle can be either UV
photons, x rays, electrons, or ions. In reference to ions there
is a tendency to broaden the meaning of lithography further
and refer to the entire field of focused ion beam fabrication as
ion beam lithography; this is unfortunate. Since as we see
from the above examples of patterned implants, ion milling,
and ion induced deposition or etching, the focused ion beam
permits patterning without the use of resist or mask.

In this section the use of focused ion beams to alter a sur-
face film (resist), either organic or inorganic, in a desired
pattern will be discussed. This film is then treated (devel-
oped) so as to create a relief pattern. The resist can be either
positive or negative, i.e., the development either removes the
exposed or the unexposed parts of the film.

In the previous section ion induced chemical reactions on
the surface were discussed. In lithography the chemical reac-
tions occur in the bulk of a film. Usually the film is on the
surface of a substrate solely for the purpose of patterning.

1. Organic resist

All patterning in present day microfabrication of integrat-
ed circuits is done using organic resist films. While, as dis-
cussed above, one of the main attractions of focused ion
beam fabrication is that it may in some cases eliminate this
dependence on the standard mask/resist processing, resist

Fi1G. 28. Focused ion beam deposition of a submicron width gold stripe
(from Ref. 142). The total line dose of 15-kV Ga* ions is 2.5 x 10'" ions/
cm. The composition of the film is Au 75%, Ga 20%, carbon < 5%, oxygen
<5%. The yield is 4 to 5 gold atoms/ion. The resistivity is 5x 10" * to
1.3x107* 1 cm (bulk Au = 2.5 2 cm).
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FIG. 29. Exposure characteristics of PMMA resist with electron and ion
irradiation (from Ref. 144). The curves are of resist thickness removed
after a development time of 2 min in MIBK (methy! isobutyl ketone) at
25 °C. The initial film thickness was 0.21 zum.

exposure itself is also a potential application of ion beams.
The early work on focused ion beams' already demonstrated
the exposure of PMMA (polymethylmethacrylate, a deep
UV, e-beam, or x-ray resist). Focused ion beam lithography
is in principle similar to e-beam lithography.

The dose needed to expose most resists such as PMMA by
ions is about two orders of magnitude lower than for elec-
trons'**"'5 (see Fig. 29). Thus a dose of 2X 1075 C/cm? is
needed to expose PMMA with 20 keV electrons while for
argon ions at 120 or 150keV adose of 0.3t0 1 X 10~7 C/cm?
(or2106x 10" ions/cm?) is sufficient.'**~"45 This compari-
son is somewhat unfair since electrons penetrate much deep-
er into resist than ions.'*>'*¢ Curves of energy deposition
rate are shown in Fig. 30. Also the higher the mass of the ion
the lower its penetration depth into the resist, and the lower
the dose (per unit area) required to expose resist. Of course,
a potential drawback is that the resist thickness which can be
used is limited.

Another important limitation of focused ion beam expo-
sure of resists is shot noise.'*”'** The numbers for the dose
needed for exposure quoted above are for large features. If

Deponinion ( xlOﬂC'V/ ¢/ borncie )

Lnergy

Pzretrction Cepth (pm!

Fi1G. 30. Calculated curves of energy deposition rate in PMMA resist as a
function of the penetration depth: (a) 20kV electron; ( ; 200kV He *; (¢)
60 kV He ": (d) 250 kV Ar”; and (e) 150 kV Ar*. For the curves repre-
senting the ions, solid and broken lines are of electronic and of nuclear
collision loss, respectively (from Ref. 144).
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one wants to expose features of, say 0.1 um, then at 10~ C/
cm?, there would only be 70 ions incident per 0.1 0.1 um
area. The statistical fluctuation in this number may create
variations in exposure level and, in addition, may create edge
roughness of exposed lines. Monte Carlo calculations of the
energy deposited in resist by incident ions have been used to
simulate these fluctuations. The conclusion is that for a
0.1 0.1 zm area, which is to be well-formed down to a reso-
lution of 0.01 zm, about 1200 ions are needed for complete
exposure'?? (see Fig. 31). The calculations are for 50 keV
protons (H™ ions), 100 keV H;*, and 150 keV Li™ ions and
yield about the same result. In addition, since more than an
order of magnitude of overexposure is needed to avoid the
shot noise, broadening of the features by 300-500 A is to be
expected. '’

Another analysis of the statistical effects of ion beam ex-
posure of resists concludes that for a probability of 99% that
all pixels on 1 cm? are exposed one needs to have only 30 ions

150 kev Li*

=== 150

T s g__% 1 eVinm®

25
.16 ev/nm®

200
eV/inm?®

O.I,‘n

F1G. 31. Resist exposure profiles for 150, 300, 625, and 1200 Li ions of 150
keV energy incident on a 0.1 0.1 zm area (from Ref. 147). The resist is
taken to be PMMA 0.4-um thick. (Note that the horizontal and vertical
scales are not the same. The random paths of ions are followed by a Monte
Carlo computer simulation. The resist and substrate is divided into cubic
bins 10 nm on a side. If the incoming ion has lost enough energy in a given
bin to increase its dissolution rate in the developer to 1/2 of “complete™
exposure then this bin is shown clear in the figure.)
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FIG. 32. Chloromethylstyrene, a negative resist, exposed with 100-kV
Be* * toa dose of 3.5 X 10'? (ions/cm?) (from Ref. 152). Resist thickness
300 nm, linewidth 50 nm.

incident on a 0.1 X 0.1 um pixel.'*® The discrepancy appears
in part to be due to the fact that in the Monte Carlo calcula-
tion'#’ a finite volume of resist is considered and the pixel is
required to be “well-formed.” Thus the 0.1X0.1-um pixel
corresponds to higher “resolution.” A recent analysis ad-
dresses this issue of resolution and particle statistics.'>® It
concludes that 29 ions are needed per 0.05<0.05-um pixel.
This variation in results arises because the criteria for expo-
sure and the definition of a pixel are different.

Experimentally PMMA and poly(trimethylsilystyrene-
co-chloromethylstyrene), P(SiSt,-CMS,,), have been ex-
posed in fine lines with ever decreasing doses of 100-kV Ga™*
ions until the lines became discontinuous."*® The P(SiSt,,-
CMS,,) is continuous at a dose of 1.5 10" ions/cm? but
discontinuous at 7.2 X 10'° ions/cm?. The linewidth is 0.11
pm. Thus there are only 18 ions per (0.11<0.11 um) area
element in the continuous line and nine in the discontinuous.
For PMMA a continuous line 0.06-um wide is obtained with
Ga* at 9% 10" ions/cm? which becomes discontinuous at
one-half that dose.'*® The continuous line has 32 ions per
{0.06<0.06 zm) pixel. PMMA has also been exposed by
Be™ * ions. At 140 keV 0.45-um-thick PMMA was exposed
with a 0.1-um-diam beam to yield well formed lines with
vertical sidewalls and a width below 0.15 um.'*° At 200 keV
Be* * ions were able to form lines of 0.03-um width with a
line dose of 3.4 X107 ions/cm even though the Gaussian
beam width was 0.18 zm."*! In this case the line width is, of
course, a steep function of dose.

Chloromethylstyrene (CMS) is a negative resist and has
been successfully used with 100kV Be * * ions. Well-formed
lines of 50-nm width have been exposed in 300-nm-thick
resist'5? (see Fig. 32).

An important practical consideration is the time needed
to expose a given area with a fine pattern. As seen above if a
Ga* beam is used doses between 1.5X 10'' and 10'? ions/
cm? are needed. Thus for a 0.1-um-diam beam at 1 A/cm?
50% of a 1-cm? area can be exposed in 1.5 to 10 min. It
should be noted that beams of 10 A/cm? have been report-
ed,* and 100 A/cm? have been projected.*” The very high
brightness liquid gas ion sources*-** have not yet been ap-
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plied to lithography. In addition, a statistical analysis which
compares all lithographies on the same footing finds that the
pattern transfer rate for focused ion beams and e-beams is
nearly the same.'** Considering the fact that e-beam lithog-
raphy has had 15 years of intensive development while ion
beams are in comparative infancy, the outlook for practical
ion beam lithography in the future is good.

To avoid proximity effects and coax high resolution out of
e-beam lithography multilevel resists or other tricks are
used.'*¢ Such measures are being explored for ion beams.
For example, a bilevel scheme with poly(trimethylstyrene-
co-chloromethylstyrene) on top of AZ 1450J resist has been
used.'*® The upper level is exposed by a dose of 2.4 x 10"
ions/cm? of Ga™ at 100 keV. After development the upper
level resists an oxygen reactive ion etch. Thus high aspect
ratio structures are produced (see Fig. 33).

The finite range of the ions in the resist can be used to
advantage. By carefully choosing the resist thickness and ion
energy one can minimize the damage to the substrate.'>* In
addition, the finite range can be used to advantage to create
special structures. For example, a T-shaped metal gate struc-
ture is shown in Fig. 34, which uses alternate exposures by
200-keV Be and Si ions. !5

Plasma development of PMMA exposed by focused ion
beams has also been demonstrated.'**'3” Here, PMMA acts
as a negative resist, and the areas that are ion irradiated show
a much decreased etch rate in O, containing plasmas. The
doses required, however, are in the range of 6 X 10'* to 10'®
ions/cm?, i.e., 2-3 orders of magnitude higher than for nor-
mal, wet developed, PMMA exposure.

2. Inorganic resists (or etch rate modification by ion
bombardment)

Focused ion beams have been used to pattern a thin film or
a surface by first implanting a region and then etching it in
either a plasma or a liquid. The implanted region can become
either soluble or insoluble. (i.e., the *“resist” is either positive
or negative.) This phenomenon is included under lithog-
raphy because it can be used to pattern thin film which can
then serve as a mask for further processing steps. Of course,
thin film or surface patterned by implantation and etching
can be the end in itself. In this case the term lithography does
not really apply.

A number of materials have been patterned in this way as
summarized in Table IV. The physical phenomena responsi-
ble for the etch rate change appear to be diverse. In Si and
GaAs (Ref. 159) the ions appear to damage the substrate
and increase the etch rate in the damaged regions. The Sb
implant in Cr appears to not be attacked by the CCl, plasma,
even though the amount of Sb implanted corresponds to a
little more than a monolayer. This implant withstands the
etching of the surrounding Cr to a depth of 0.5 um. After the
CCl, plasma etching the Sb concentration on the surface
increases.'*® Al/0 cermets can act as ion resist'®? as well as
III-IV compounds.'®* In the latter case photoelectrochemi-
cal etching is used and very low doses are needed ( ~ 5% 10"
ions/cm?).

———.——————-——-————_——d
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E. Microanalysis

Secondary ion mass spectroscopy (SIMS) is a standard
surface analysis technique of high sensitivity. In this tech-
nique an ion beam probe, often many micrometers in diame-
ter, is used to sputter off atoms and ions from a surface.
These are then picked up by a mass spectrometer and ana-
lyzed. The composition of the surface can thus be measured.
The development of finely focused ion beams has permitted
the ion probe resolution to be pushed below 0.1 um, in some
cases to 20 nm (see Refs. 166-169).

An apparatus developed jointly by the University of Chi-
cago and the Hughes Research Laboratories is shown sche-
matically in Fig. 35. If this apparatus is set up to detect
Ca** ions, for example, which are present in the specimen
in 23% concentration, then a counting rate of 2x 10°
counts/s pA (or 1 count/300 incident ions) is observed. '

The mass analysis capability can be added to most focused
ion beam systems, for example, those with mass separa-
tion. ' :

The ultrahigh resolution SIMS has been used to analyze
fossil diatoms, minerals, and contaminants on Si,'%® as well
as integrated circuits,"®” optical fibers,'*® and graphite inter-
calated compounds.'’* A sample of analysis of an integrated
circuit is shown in Fig. 36. The locations of Al, Si, and Ca are
displayed. The latter element is a contaminant. As shown in
part (a) of the figure all ion species can be collected to show
a topographic figure. Alternatively the secondary electrons
can be collected to yield a similar figure as will be discussed
in the next section.
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ILSTYRENE-CO-CHLOROME THYLSTYRENE)
EXPOSED WITH 100 KEV

6a* AT 2.4 x 1011 jons/cH?

FiG. 33. Bilevel resist exposure
with 100-keV Ga* at a dose of
2.4% 10" ions/cm? (from Ref.
149). Schematic shows steps in the
fabrication, on right is photo of the
first layer after development, and
the perspective view lower left is
the lower level patterned by O, re-
active ion etching.

F. Scanning ion microscopy

Every focused ion beam system known has a channel elec-
tron multiplier for detecting the electrons emitted from the

200keV Si
B

3. oxpowr L]

(b)

FiG. 34. (a) Shows the fabrication sequence for producing the T-shaped
gate structure (from Ref. 155); (b} shows the resist (PMMA) pattern
(left) and the resulting metal gate pattern (right) produced by liftoff.
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TABLE 1V. Inorganic film (resist) patterning.

491

Material Implant Etch Remarks References
Cr 50 or 100 keV Sb CCl, plasma 0.3 to 0.4-um wide 158
0.5-um deep
Si 50keV In* H,PO, at 50-nm-wide wide 159
~5%10" ions/cm? 195°C lines formed
(50 keV Sn™ and (implant etched )
50 keV Ga™ also used)
GaAs 50keV Ga* HCL at 50°C 30-nm-wide 159, 160
1.2 10'* ions/cm? (implant etched) lines formed
Al 50 keV As™, Sb™ H,PO, Carbon contamination 161
{N, + Ar™ implanter) (irradiated area resist formed
5% 10'* ions/cm’ not etched)
Al/O 30and 75 keV Ar* H,PO,/HNO, AlLO, 162
cermet T0keV Ga* Transene A enhanced on
(irradiated not surface
etched)
GaAs, InP, 20keV Ga* Photoelectrochemical, Very low 163
InGaAs, <5x 10" ions/cm? 2-M-H,SO, dose needed
InGaAsP, electrolyte
InGaAsP n type
Si0, 20-70 keV Ga™* Ammonium fluoride and Implant changes 164
140 keV Si* * glacial acetic acid etch rate by up
(1.2%10" to (exposed area etched) to factor of 5
6 10" ions/cm?)
Spin-on glass 16 keV Ga* CHF,/0, Implant reduces etch 165
(10'% ions/cm?) plasma rate by 30%

surface where the ion beam is incident. The signal from the
channel electron muliplier is used to modulate a cathode ray
tube. Thus the scanning ion microscope is the same as a
scanning electron microscope except that an ion beam in-
stead of an electron beam is scanned over the surface. (Fig-
ure 35 shows a channel electron mulitiplier on the right, for
example, as well as a mass spectrometer on the left of the
beam.)

This imaging capability supports many of the applications
discussed above. It is used to focus the ion beam when initial-
ly setting up operation, to examine just milled features {see
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Fig. 24(b) ], and to align to existing features on a wafer (see
Fig. 13). Imaging is also very much a part of mask repair by
focused ion beams. One first locates the defect on the screen,
outlines its perimeter and then removes it by either ion mill-
ing or deposition. While an area is being examined, it is of
course also being sputtered away and implanted. These,
usually undesirable, effects can be minimized by using frame
storage, i.e., forming an image on the screen and then blank-
ing off the beam. In general, less than a monolayer is sput-
tered off to make an image.

In addition to the imaging as a support for other applica-

ASYMMETRICAL

Fi1G. 35. Schematic of a scanning ion mi-
croprobe (from Ref. 166) developed joint-
ly by the University of Chicago and the
Hughes Research Laboratories. The ion
probe operates with elemental liquid met-
Wﬁ‘mﬂmuum al ion sources, typically Ga™, with a total

EINZEL acceleration voltage of 40 tc 60 kV. With
}LENS an ion current of 1.6 pA on the sample the

DUAL CHAMMEL ELECTRON prcbe beam diameter is calculated to be 20
MULTIPLIER DETECTORS nm.
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(b) (d)

F1G. 36. Integrated circuit section, coated with Pd—Au to prevent charging
(from Ref. 167). 10 um. (a) Surface topography from ion induced second-
ary ion signal, i.e., all species of emitted ions are collected and used to
modulate the intensity on the CRT, 64 s to make image. (b) Same area but
Si*% is collected for 1.6 10° counts in 225 s. (c) Al*" ions collected for
1.4 X 10° counts in 256 5. (d) Ca*® ion map. 7.9 X 10° counts in 512 s. The
full field size in each is 50 um.

tions, the focused ion beam can be considered as a micros-
copy tool in its own right**'7* (see Fig. 37). Here it is in
competition with the scanning electron microscope (SEM).
While most electron microscopes have beam diameters at
least an order of magnitude finer than present ion beams, the
ion microscope still offers some unique advantages. As seen
in Fig. 24(b), for example, where the same area is displayed
in a SEM and a scanning ion microscope (SIM), the SIM is
more sensitive to surface topography. The SEM on the other
hand, often does not have enough contrast to show up sur-
face features such as shallow steps, which are visible evenin 2
high power optical microscope. The SIM also has a large
depth of focus® and often is less sensitive to charging of
insulating surfaces.'”? In many cases of SEM examination
samples have to be coated with 10 to 30 nm of metal to be
observable, and the advantages of an ultrafine beam are not
fully utilized.

Thus scanning ton microscopy may be a useful high-reso-
lution imaging tool in addition to supporting all of the other
focused ion beam applications.

V. SUMMARY

We have discussed the machinery needed to generate fine-
ly focused ion beams, and have reviewed the applications,
mainly in the area of microelectronics fabrication. The areas
of application can be grouped as follows: direct maskless,
resistless patterned implantation; ion milling; ion induced
surface reactions for etching or deposition; lithography, i.e.,
exposure of resist; microanalysis; and microscopy. So far
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most applications, with the possible exception of photomask
repair, are in the research stage.

Because of their versatility and their ability to eliminate
conventional mask/resist patterning, focused ion beams are
likely to play a role in in situ processing. The first step in that
direction is the joining of focused ion beam and MBE.'®
Here, future development of low-energy ion beams may be
important.'?"'“? Ton induced deposition raises the possibil-
ity of in situ contacts and wiring.

Focused ion beam fabrication is serial, i.e., point by point,
and of necessity slow. Yet even at present many applications
are feasible. In the future, the development of achromatic
lenses may increase the beam current by a factor of 100.
Shaped beams, already developed for e-beam lithography,
greatly increase processing speed at the expense of some
flexibility. Projection of stencil masks has shown pattern
transfer rates of 10° times higher than point beams'™ but
gives up more flexibility. Developments in source technolo-
gy, such as elemental sources to replace alloy sources or nov-
el molecular-beam ion sources, which have been analyzed
theoretically,'”* may remove the need for mass separation,
simplify the ion columns, and lead to higher beam currents.

The use of focused ion beams in lithography is very analo-
gous to e-beam lithography. However, ions have less prox-
imity effect and may well be preferred in the future as the
machinery develops.

The repair of photomasks by focused ion beams appears to
be entering the commercial market. X-ray lithography
masks, which will have much finer features and be even more
complex, will demand focused ion beam milling and ion in-
duced deposition of high z material such as Au or W. Not
only can masks be repaired but in some case fabricated or
partly fabricated integrated circuits can be addressed and
altered locally for defect avoidance or for design error cor-
rection for prototyping.

The many diverse and important applications of focused
ion beams discussed herein indicate that it is a fruitful area of
research. This has been recognized and the field has grown
to where there are at least 35 sophisticated systems in use

SCANNING 10N *1CROSCOPE
IMAGE OF COPPER MESH.

F1G. 37. Scanning ion microscope image of a copper mesh (from P. Prewctt
1BS Dubillier). A resolution of 40 nm is evident.
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worldwide, about 25 of them in Japan. The outcome of the
research will point to where the focused ion beam will find
applications in manufacturing.
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A Tunable-Frequency Gunn Diode Fabricated by
Focused Ion-Beam Implantation

HENRI J. LEZEC, KHALID ISMAIL, LEONARD J. MAHONEY, MARK 1. SHEPARD, MEMBER, IEEE,
DIMITRI A. ANTONIADIS, SeNIOrR MEMBER, [EEE, AND JOHN MELNGAILIS, SENIOR MEMBER, IEEE

Abstract—We report the fabrication of a plasar Guna diode in which
the fundamesntal transit-time mode osciliation frequency canm be tumed
over the range 6-23 GHz by varying the dc bias across the device. The
wide-band tunsbility is due to a limesr doping concentration gradiemt
between the comtacts. This lateral dopimg profile was created by
impianting the device with a focused beam of silicon ions and smoothly
increasing the dose from comtact to countact. A Gunn diode with a
uniform sctive region, aiso fabricated with the focused ion beam, dispiays
a relatively constant oscillation frequency in the same bias range.

I. INTRODUCTION

aAs GUNN diodes are one of the most important

solid-state sources of microwave power. Frequency
tuning over a limited range is usually obtained in resonant
circuits where a Gunn diode may operate in different modes of
oscillation. Tuning is produced with an external device either
mechanically, by varying the dimensions of a resonant cavity,
or electronically using varactor diodes or ferrimagnetic
material, particularly YIG spheres.

In 1967, Sandbank [1] and Shoji {2} proposed a Gunn diode
with a transit-time mode frequency that is directly tunable with
bias voltage. This effect can be obtained by smoothly
increasing either the doping concentration or the cross section
of the device from cathode to anode. Since a technology that
allows precise control of lateral or vertical doping profiles was
not available at the time, Gunn diodes with nonuniform cross
sections were built instead. Tapered Gunn diodes [1], [2] and
Gunn diodes with concentric electrodes [3]-(5] have displayed
wide-band frequency tunability when connected to nonreso-
nant resistive loads. For example, a planar Gunn diode with
concentric electrodes was tunable with bias voltage over a
range of 6.6-18 GHz [4].

With the recent advent of focused ion-beam technology, it
becomes possible to implant planar structures with laterally
graded doping profiles (for a review of the field of focused
ion-beam technology see [6]). In our focused ion-beain
system, ions of common semiconductor dopants can be
accelerated up to 300 keV (if doubly ionized), focused down to
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a 0.1-um spot size, and deflected under computer control for
local implantation of arbitrary geometries. By modifying the
exposure time per pixel as the beam is scanned along the
surface of a wafer, smoothly varying lateral doping profiles
can be achieved. We report the first use of this doping
technique to build a planar tunable-frequency Gunn diode.

A vertical tunable-frequency Gunn diode could be built by
grading the doping concentration of the active layer during
epitaxial growth. The technology has already been demon-
strated: using molecular beam epitaxy, Ondria and Ross [7]
improved the operation of GaAs Gunn diodes by grading the
active region doping profiles to minimize temperature gradi-
ents.

A distinct advantage of planar tunable-frequency Gunn
diodes fabricated by focused ion-beam implantation is that
they can be integrated directly into monolithic circuits. In
addition, diodes with different lateral doping profiles and
frequency versus bias characteristics can be defined on the
same wafer or in the same circuit. '

II. PRINCIPLE OF OPERATION

In a uniformly doped device, the fundamental transit-time
frequency of oscillation is determined by the time it takes for
the dipole domain to propagate from the cathode, where it
nucleates, to the anode, where it discharges. The frequency is
inversely proportional to this time and is relatively constant as
a function of applied field.

In a device in which the doping level increases from cathode
to anode, the applied electric field decreases from cathode to
anode. The length over which the electric field exceeds the
domain sustaining value E; = 2 kV/cm defines the length of
repeated travel of the domain. When a domain reaches the
point at which the field has dropped to E; it dissolves, and a
new domain is nucleated at the cathode. By varying the bias
voltage, this point can be shifted across the sample, thus
allowing control of the transit-time frequency [8]. When the
bias across the device is increased, for example, the point at
which the field has dropped to E; moves toward the anode; the
transit length and transit time increase and the frequency of
oscillation decreases.

III. FABRICATION

Semi-insulating GaAs was first implanted with a 140-keV,
25-pA, Si** focused ion beam. The beam diameter was
estimated to be about 0.15 um from the resolution obtained
while imaging a free-standing gold grating of 0.1-um-wide
lines. The planar implant geometry is shown in Fig. 1(a). The

0741-3106/88/0900-0476%01.00 © 1988 IEEE
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Fig. 1. (a) Focused ion-beam planar implant geometry. (b) Lateral dose
profile.

focused ion beam was used to implant both the ohmic contact
areas and the active area where the Gunn domains propagate.
The ohmic contact areas were given a uniform dose of 2 X
10" jons cm~2. The width of the active region was 10 pm, and
the length was 80 um. Implants were performed with respect
to alignment marks etched into the wafer. The pattern array
was previously specified on a CAD system and implanted
under computer control. One particular doping profile is
shown in Fig. 1(b): the dose was varied linearly from 10" to
3% 10" cm~2 over the 80 um length of the active region. This
profile was obtained by vectoring the beam with increasing
dwell time from one ohmic contact to the other. A pixel
spacing of 0.05 um was chosen to produce a smoothly varying
profile.

The implant was annealed at 850°C for 20 min with a cap
consisting of 700 A of Si;N, and 3000 A of SiO,. Ni/Ge/Au
ohmic contacts were defined using optical lithography and lift-
off, and annealed for 30 s at 450°C.

The processed GaAs wafer was diced, and individual
devices were heat-sunk and wire-bonded to 50-Q microstrip
test fixtures.

IV. REsuLTS

The instrumentation for measuring the current oscillation
frequency is shown in Fig. 2. Each device is dc biased using an
HP 11612A bias network, and the frequency spectrum and
power level are measured with an HP 8566A spectrum
analyzer. No attempt was made to match the impedance of the
device to the 50-2 load.

A voltage on the order of 20-25 V is typically required to
induce transit-time mode Gunn oscillations in the 80-xm-long
devices. At lower applied voltages, the peak electric field in
the device is everywhere below the threshold for domain
nucleation (=3 kV/cm), and oscillations do not occur.

A device with a uniform active region dose of 10 cm~2
oscillates at 1.6 GHz at a bias of 34 V. The fundamental mode
power into the 50-Q load is ~10 dBm or 0.1 mW. The
oscillation frequency shows a relatively weak dependence on
bias: it drops to 1.57 GHz when the bias is raised to 37 V. This

4an

HP 8566A
—\/‘— HP 11612 SPECTRUM
BIAS NETWORK  ANALYZER

LATERALLY GRADED
GUNN DIODE

"%soa

Fig. 2. Frequency measurement instrumentation.

weak — 10-MHz/V dependence results from the decrease of
domain velocity at higher electric fields.

In contrast, a device with the lateral doping gradient of Fig.
1(b) displays a very strong dependence of frequency on bias.
The frequency is smoothly tunable with dc bias over a 17-GHz
range. This dependence is displayed in Fig. 3(a). As the bias
across the device is increased from 26 to 37 V, the frequency
decreases smoothly from 23 to 6 GHz. A maximum depen-
dence of ~5.1 GHz/V is obtained around a bias of 26.5 V.
The device does not oscillate for biases below 26 V, and the
oscillation power decays rapidly to negligible levels for
biases above 37 V.

Assuming a constant domain velocity v = 107 cm/s, the
domain propagation length / in the laterally graded device at a
given bias can be estimated from the frequency f = v//. As the
bias is increased from 26 to 37 V, / is found to increase
linearly from 4 to 17 um. Thus only the initial portion of the
device contributes to the variable frequency effect. A shorter
device would be preferable, presenting less parasitic resistance
and allowing operating bias levels four to five times lower.

A composite power spectrum for the fundamental oscilla-
tion mode of the laterally graded device is shown at a few
discrete voltage levels in Fig. 3(b). A full width at half-
maximum of 10 MHz and a signal-to-noise ratio of 30 dB is
obtained over most of the tunability range. The power into the
50-Q load ranges from a minimum of —47 dBm at 26 Vto a
maximum of —38 dBm at 30 V. The power levels are low
because of the parasitic series resistance and the absence of a
matching circuit.

We have conducted some preliminary numerical simula-
tions of laterally graded Gunn diodes using a transient energy
model derived from Boltzmann’s transport equation in the
relaxation time approximation. The same model has been
previously used to optimize the doping profile of GaAs
MESFET’s [9]. The solution is performed in the time domain
and allows us to observe domain nucleation, motion, and
discharge. As the bias voltage is increased, a given domain is
observed to travel a longer distance into the anode region
before a second domain is triggered at the cathode, quenching
the first one. We have used this program to model the
performance of the 80-um graded device of Fig. 1. To
minimize computational time in assessing the range over
which the frequency can be tuned, only the initial 30 um of the
graded region on the cathode side was included in the model.
This approach is valid since the domain remains well within
that portion of the device at all times and biases: the simulated
range of travel approaches an asymptotic limit of 20 um as the
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bias is increased. The simulated frequency of oscillation
decreases from a maximum of 28 GHz at the onset of
oscillation at low bias to an asymptotic limit of 5 GHz at high
biases. This is in good agreement with the experimental data of
Fig. 3(a). The program is now being used to predict the effect
of other doping profiles on the tunability characteristics. For
example, a device with a logarithmic doping profile (steep at
the cathode and gradually flattening out towards the anode)
displays increased tunability compared to a device with a
linear doping profile and the same endpoint doping concentra-
tions.

IEEE ELECTRON DEVICE LETTERS, VOL. 9, NO. 9, SEPTEMBER 1988

V. CoNcLUSION

A tunable-frequency Gunn diode has been fabricated with
the novel capability of the focused ion beam to implant a

lateral doping gradient. The frequency can be tuned over a
wide range by varying the dc bias across the device. No
adjustment of resonant cavities or tuning of external circuits is
required. The planar configuration of this tunable oscillator
makes it ideally suited for integration into monolithic GaAs
circuits. This device could prove to be useful as a wide-band
voltage-controlled oscillator in a number of applications such
as collision-avoidance radar.
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Simulation of Implantation and Diffusion of Profiles
Made with a Focused Ion-Beam Implanter

REX E. LOWTHER, JARVIS B. JACOBS, anp DIMITRI A. ANTONIADIS

Abstract—A method is presented by which two-dimensional profiles
made with a focused ion-beam implanter are quickly and easily cal-
culated. Advantage is taken of the Gaussian nature of the beam and
its interaction with the target to represent the dose versus position as
a sum of Gaussian functions spaced along the beam path. The vertical
profile, taken either from measured data or from a one-dimensional
simulation, is also fit to a sum of Gaussian functions. With this form,
and assuming uniform diffusivity, subsequent diffusion steps can be
modeled as a simple increase in the standard deviation of the Gaussian
functions—eliminating the need to step in time. A method for satisfving
the boundary condition at the surface and for modeling a variable ox-
ide thickness on this surface is aiso demonstrated.

INCE FOCUSED ion-beam (FIB) implanters allow for

control of dopant profiles in the lateral direction, sim-
ulation of these profiles must be at least two-dimensional.
Conventional 2-D numerical simulation of subsequent dif-
fusion steps can be very computationally intensive be-
cauge it involves discretization in both spatial dimensions
and in time. The method described here greatly reduces
this computational expense by eliminating the need to step
in time. For most device applications, where the FIB will
be used to tailor dopant profiles in the device active re-
gion, the dopant concentrations will usually be low
enough so that diffusivity can be approximated as uni-
form. On this assumption, the initial implanted profile is
fited to a sum of Gaussian basis functions. Since a Gauss-
ian-shaped profile will, upon uniform diffusion, remain
Gaussian, the diffusion steps are modeled by merely in-
creasing the variance of these functions.

For practical reasons the FIB energy is not changed
during a scan. since this would require refocusing of the
beam. If we make the further assumption (to be relaxed
later) of uniform oxide thickness on the silicon surface,
the two-dimensional problem becomes separable into two
one-dimensional problems. The concentration C(x. y) in
this case is approximately the product of the lateral nrofile
X(x) and the vertical profile Y( y). In the lateral direction,
the nature of the FIB readily lends itself v the method of
fitting the dose (in atoms per square centimeter) as a func-
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tion of position to a sum of Gaussian functions with cen-
ters spaced along the path of the beam. It is accepted that
both the lateral spread of the FIB before hitting the target
[1] and the lateral spread of an infinitely thin beam after
hitting the target (2], [3] can be described accurately
enough as Gaussian. (The magnitude of the former must
be determined for each machine while the lauter is avail-
able in the literature, e.g., [4].) The resultant lateral (par-
allel to the surface) profile produced by aiming the FIB
implanter at one spot is then another Gaussian with a var-
iance equal to the sums of these variances. The coefficient
of each Gaussian is therefore proportional to the dose re-
ceived when the beam is aimed at the center of that Gauss-
ian. This dose is determined by linear interpolation from
a table of positions and doses supplied by the user. Fig.
1 shows the function X(x) for several scans for which the
FIB intensity /(x) (in units of atoms per square centime-
ters) is varied according to

1.0E15,

0.5E15 (1 + (0.5 — x)/al,

0.0,

x=05-4
05-A<x>05+4A ¢))
x=205+4A

Ix) =

with
A =0.0,0.1,0.2, 0.3 um.

For demonstrational reasons, the FIB lateral standard de-
viation used here, including the spread after hitting the
target, is set at 0.1 um. Note that in the special case A =
0.0, X(x) is. by definition, a complementary error func-
tion—the function often used to model profiles at a mask
edge.

Measurements {1] have shown that the beam distribu-
tion before hitting the target is fitted quite well by a
Gaussian function within two decades of the peak value.
At three decades, however, the ion concentration is sig-
nificantly greater than that predicted from a fit by a single
Gaussian. As mentioned above, we have chosen to ignore
this departure because it is small and because accurate
beam measurements are not yet available. If, however, a
more accurate treatment is desired, each Gaussian func-
tion used above can be replaced by a sum of just two or

0018-9383/86/0900-1251501.00 © 1986 IEEE
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Fig. 1. Dose (in atoms per square centimeter) versus position (in microm-
eters) for the beam scans defined in (1).

three Gaussians with identical positions but differing var-
iances. In this case, it is the near-Gaussian shape of the
FIB that allows for the small number of terms in the sum.

In the vertical direction, perpendicular to the surface,
the initial profile is input either as a table or as a set of
moments of a Pearson IV distribution. These data may
either describe the vertical profile before, after, or be-
tween the subsequent diffusion steps and also may be taken
from the output of a one-dimensional process simulator.
For diffusion steps already modeled in the initial vertical
profile, these steps model the lateral diffusion only.

If vertical diffusion is also simulated by this method,
the experimental profile, Y( y), is fitted to a sum of Gauss-
ian functions '

Y(y) = ,ZC’ exp [—(y — y)1207] @)

where the y;’s are equally spaced. Since ¢ is made small

compared to any other features in the profile, it can be

assumed as a first approximation that the coefficients are
strictly proportional to Y( v)

¢ = a¥(y). 3)

By substituting this into (2) at y = y; to solve for a, we

get
YX( i)
¢ = ] )
jZ Y(y;) exp [= (3 ~ y,)*1207]

4)

which is the form used to calculate ¢; when the profile is
read from a table. If the function Y( y) is an analytic func-
tion, then Y( y) may be moved inside the exponential and
In Y expanded about y; in a Taylor series

¢ =

This fit is fast and is achieved without solving a set of
matrix equations or allowing any negative coefficients, ¢;.

The boundary condition used at the silicon interface
(y = 0) is a generalization of the reflective boundary con-
dition used in [3]

Y(9) = Ya(y) + rYs(=y) = Yo(=¥)] ©

where

Yy = Zcexp [=(y = 3)1207] (7a)

-7
(6? + 2Dn)'"?

- 2 ¢ enp [=(y ~ ) (2a® + 4Dr))  (7b)

(v =

and ¢ is the diffusion time and D is the uniform dopant
diffusivity. For the case where the surface concentration
after diffusion is much less than the peak concentration,
setting 7 to one accurately describes the reflective bound-
ary condition. At the other extreme, if Y,( y) has its peak
at the surface, then setting r to zero also is good for mod-
eling the reflective boundary condition. The coefficient r
is therefore bounded by O and 1 and is determined by the
ratio of Y,(0) to Y;(y = peak). Finally, for very long
diffusion times, the term Y,(—y) in (6) can dominate. To
prevent this without noticeable effect on results at shorter
diffusion times, the Gaussians in this term are also given
a fraction of the diffusive spreading found in the Y, terms.
Fig. 2 shows results of a fit (solid line) to a Pearson IV

Y(y:)

g:exp [—(yj -y Ra* + (v — )

(%)

dlnlf} +_1_( _ )zdzln}’y 1
& ., 277 Ta _\.=,.J

Y ¥
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Fig. 2. Boron conceniration (in atoms per cubic centimeter) versus dis-
tance (in micrometers) from the surface. Shown here is a fit (solid line)
to measurements for boron implanted into polysilicon at 400 keV (cir-
cles). Also shown are the distributions after three diffusion steps. equaily

spaced in time.

function (circles) representing boron implanted into poly-
silicon at 400 keV [5]. Also shown here are the distribu-
tions after three diffusion steps, equally spaced in time.

If the beam is scanned along regions of varying oxide
thickness, the prohlem again becomes two-dimensional.
In this case, the concentration C(x, y) at point (x, y) is
approximated as a superposition from ions implanted
through the oxide thicknesses found within the lateral
range of position (x, y)

Clx, y) = X(x) g exp [—(x' — x)%203)
) {Yd[.y + srox(x')]

+ rig[=y + 2 = 5) 1(x")]

—rYl—y + (2 = 5) t,(x"]} dx’/

S exp (—(x' — x)*/203] dx’ 8

where g, is the final lateral spread from a beam aimed at
one spot, and ¢,,(x') is the oxide thickness at point x'.
The variable s is determined from the ratio of the stopping
power of oxide to silicon and by the geometry of en-
croachment of oxide into the silicon. This simple trans-
lation of the vertical profile assumes that the shape of the
vertical profile is not significantly affected by variations
in the oxide thickness (see [6]). Computationally, the in-
tegral in (8) is converted to a sum. Thus, for each point
(x, y), the function Y(y) (which has a sum of its own)
must be within an additional summation sign. To alleviate
much of this expense, Y,(y) and Y,( ¥) can be tabulated
so that a simple interpolation (rather than a sum over
Gaussians) is needed to evaluate them. Furthermore, at

each value of x, the minimum number of points (x')
needed to accurately evaluate (8) is calculated. Since they
do not depend on Y(y), values of the lateral Gaussian
weight functions in (8) are also stored at this time. Note
that, since X(x) is cutside the summation [or integral sign
in (8)] and since Y,( y) and Y,( y) are tabulated, the com-
putation time is caly siightly dependent on the number of
Gaussian functions used to fit these functions. Typically,
10 to 100 terms are necessary to make the discretization
error negligible although as many as 1000 would still have
a small effect on the total computation time. Results near
a strongly tapered oxide edge for boron implanted into
crystalline silicon at 30 keV and with an initial lateral
sigma of 0.1 pm are shown in Fig. 3(a} (before diffusion)
and Fig. 3(b) (after diffusion). The initial vertical profiles
used here are from (7].

In conclusion, a method is described that quickly and
accurately describes two-dimensional profiles made with
a focused ion-beam implanter. Advantage is taken of the
availability in the literature (e.g., {4]) of accurate one-
dimensional implantation profiles and of the nature of the
ion beam which allows the dose to be easily describcd as
a sum of Gaussian functions. Simulation of the subse-
quent diffusion steps is made easy by use of the Gaussian
form although this also limits the simulation to cases in
which the diffusivity can be assumed uniform. By starting
with a one-dimensional simulation that has already mod-
eled the diffusion steps, the above assumption can be re-
laxed to the assumption of uniform lateral diffusivity and
of dose-independent vertical diffusivity. In this case, two-
dimensional profiles including both variations in dose and
oxide thickness can still be obtained by applying the
methods described above. The only computational differ-
ence, in this case, is that the variance due.lo diffusion is
not added to the vertical Gaussian basis function.
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Fig. 3. Contours of log of concentration for boron implanted into silicon
near a strongly tapered oxide edge before (2) and afier (b) diffusion. The
_ contour ranges are (a) 16.9~18.8 by 0.1 and (b) 17.3-18.6 by 0.1.
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